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ABSTRACT 
Cenozoic deformation of the Central Otago Range and Basin 
province has been investigated to determine the mechanism of range 
formation. Mapping in the Rock and Pillar Range revealed 
macroscopic folds in schistosity which correspond in shape and size 
to the ranges, suggesting topography is controlled by folding of the 
schist. This congruence has also been documented in the Raggedy 
Range, further to the west. 
The role of the Hyde Fault in uplift of the Rock and Pillar Range 
has been investigated. Available evidence suggests there is no large 
throw across the fault and that faulting is subordinate to folding in 
the formation of the range. Thus the Central Otago ranges are 
interpreted as macroscopic folds of the upper crust. 
A mechanical framework for the formation of these folds is 
presented. An elastic-plastic constitutive law for deformation of 
the Otago Schist has been derived which incorporates the anisotropy 
of the schist. Plastic components of the model represent slip on 
schistosity planes. An elastic-plastic plate may buckle under much 
lower differential stress than a purely elastic plate, but an initial 
shear on the schistosity planes is required to initiate folding. This 
may be imposed externally by a fault or internally by misalignment 
of schistosity planes. 
Growth of the folds is controlled by the relative weakness and 
low friction of the schistosity planes, which allow for easy slip. 
Folds grow until slip on the schistosity planes is no longer 
favorable; then faulting across schistosity planes occurs. Scale 
effects on the initiation and growth of the ranges have been 
assessed. 
Finite difference computer modelling was used to simulate the 
growth of the ranges from an initial perturbation to finite 
displacement folds. Deformation is permanent and asymmetric. 
Implications for regional tectonics have been assessed. The 
principal compression direction may be oblique, rather than 
perpendicular, to the ranges because pervasive lineation of the 
schist partly controls the orientation of schistosity fold axes. 
Therefore these folds need not have formed in response to pure 
compression, but may result from oblique compression. 
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Features of Central Otago and Mechanics of 
Folding 
1.1 Geography 
The Central Otago Range and Basin is a quadrilateral 
geographical area bounded approximately by the Clutha River on 
the northwest and southwest, the Hawkdun and Kakanui Ranges on 
the northeast, and the Barewood Plateau on the southeast (Fig. 1-
1). It consists of a series of ranges rising to (at most) 2000 
metres separated by valleys at a base elevation of about 300 
metres. From NW to SE these ranges are the Dunstan Range, the 
Raggedy Range, North and South Rough Ridge, the Rock and Pillar 
Range, and Taieri Ridge. 
This arid area lies in the rain shadow of the Southern Alps. 
Rainfall is about 400 mm annually (Maunder, 1965). Temperatures 
range from highs near 40° C in the summer to lows of -15° C in 
winter, the broadest range in New Zealand (Maunder, 1965). The 
land is primarily used for sheep and cattle farming. Ranges are 
mostly tussock covered, while basins have be(?n extensively 
planted with grass and clover for grazing. 
The majority of the field work for this thesis was done in 
the Rock and Pillar Range in the summer and autumn of 1992. This 
area is covered on sheets H42 (Waipiata), H43 · (Middlemarch), and 
142 (Dunback) of the N.Z. Map Series 260, 1:50,000 (Dept. of Lands 
& Survey, 1984). 
1.2 Geology 
The ranges are comprised of the Otago Schist of Chlorite 
Zone IV (Mutch,1963; McKellar, 1965; Bishop, 1972). This unit has 
been extensively described by past workers (Brown, 1963; Means, 
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Figure 1-1 : Geography of Central Otago Range and Basin. Range outlines represent 





1963; Bishop, 1972). In summary, it is predominantly chlorite-
grade metapelite with some more psammitic horizons. It has 
experienced at least three phases of deformation during 
metamorphism resulting in a strong L-S tectonite fabric. The 
metamorphism is Mesozoic in age and correlated with the 
Rangitata Orogeny (Fleming, 1970). The schist in the Rock and 
Pillars is relatively mica-rich, with micaceous and quartzose 
layers alternating on a scale of a few millimetres to a few 
centimetres. Schistosity is slightly crenulated, and generally 
flat-lying over the entire region, with exceptions that will be 
discussed. Lineation is defined by quartz redding. The top of the 
schist unit is an early Tertiary erosion surface, known as the 
"Otago Peneplain", which serves as a reliable datum (Cotton, 
1917, 1948; Williamson, 1939). Where preserved, this erosion 
surface lies roughly parallel to schistosity. This suggests that 
where the schistosity is not flat-lying today, the peneplain has 
also been warped. 
The schist is unconformably overlain by a thin sequence of 
Tertiary marine and non-marine sediments. These outcrop 
infrequently in the area due to erosion (Bishop, 1974). These 
sediments are sometimes preserved in the eastern Otago Range 
and Basin by caps of 10-13 Ma basalt (Adams, 1981). Quaternary 
sediments composed of reworked schist and Tertiary units, shed 
off the ranges, fill the basins (Bishop, 1974). 
1.3 Regional Structure & Tectonic Setting 
This region has been called the Otago Range and Basin to 
distinguish it as a compressional feature from the extensional 
Basin and Range province of the Western US. Topography and 
structures associated with the current compressional regime 
began to develop in the Miocene (Kaikouran Orogeny). The ranges 
were first interpreted as rigid fault blocks uplifted along NE 
trending reverse faults (Cotton, 1917; Williamson, 1939) using 
the peneplain as a datum. These faults are truncated to the 
northeast by the Waihemo fault zone, a set of reverse faults 
which trend NW. Both sets of faults appear to have been active 
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simoultaneously (Mutch, 1963). No evidence for of strike-slip on 
either of these fault sets has been presented. Two end-member 
scenarios for the stress regime governing this deformation are 
possible (Fig. 1-2): 1) a uniform stress field is present, which 
implies strike-slip on at least one, and possibly both sets of 
faults; 2) a very non-uniform stress field is present, and there is 
pure reverse dip-slip on both sets of faults. 
Figure 1-2: Schematic diagram of 
end member possibilities for stress 
field in Central Otago. Lines 
represent reverse faults; ranges 
a) 
are labelled as follows: OM: Dunstan 
Mts.; RR: Rageddy Range; NR: North 
Rough Ridge; SR: South Rough Ridge; 
RP: Rock and Pillar Range; TR: Taieri 
Ridge; KM: Kakanui Mts.; HM: 
Hawkdun Mts. a) uniform stress 
field produces strike slip as well as 
reverse movement on faults. 
b) inhomogeneous stress field needed to 
produce pure reverse slip on all 
faults. Arrow pairs represent local 
maximum compressive stress. 
b) 1 ~HM ]\r DM ~ 
D~ 
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1.4 This Study : Structure and Mechanics 
1.4.1 Range and Basin Deformation 
The block-faulting model of genesis for the Range and Basin 
does not adequately describe the observed features. Where faults 
are present at the base of the ranges, there is little evidence for 
hundreds of metres of throw on them. The schistosity is bent into 
folds mimicking the shape of the ranges rather than being back-
tilted in blocks and abruptly truncated (Fig. 1-3). The peneplain 
surface appears to be everywhere close to the present 




Figure 1-3: Predicted schistosity dips for different deformation mechanisms of 
originally flat-lying schist. View is of two ranges in cross section, about 35-40 km 
across. a) Block faulting only. Schistosity has uniform NW dip and is truncated at 
faults. b) Folding only. Schistosity dip mimics topography. c) Combination of folding 
and reverse faulting. 
These deformation features suggest that the ranges are folds, 
with the peneplain surface and the schistosity buckled to produce 
the current topography. This folding deformation occurred in the 
top 10-15 km of the crust, a zone usually considered elastic-
brittle by seismologists. This assumption is based on patterns of 
earthquake occurrence in continental regions with moderate heat 
5 
flow away from subduction zones, where seismic activity is 
largely confined to the uppermost 10-15 km of the crust. Elastic 
buckling of a crystalline upper crust approximately 10 km thick 
on a wavelength of 20-25 km is generally considered to be 
impossible. The Central Otago Range and ~?asin therefore 
represents an intriguing mechanical paradox. 
In this study I document the evidence for folding of the 
schist and peneplain in the Rock and Pillar Range, assess the Hyde 
Fault, and present a mechanical framework for the initiation and 
growth of range-sized folds of the upper crust. Computer 
modelling is used to assess the growth of the ranges, and the 
regional tectonic setting is evaluated in te.rms of the observed 
structures. 
1.4.2 Definition of Terms 
In developing a mechanical framework for the folding 
deformation, I use theories first developed to describe 
engineering materials. Thus I use some terms in an engineering 
sense which may be unfamiliar to geologists or have a different 
connotation. To avoid confusion, I here bri_efly define some terms 
explicitly as they are used in this study. 
(1) Plasticity is used to refer to engineering plasticity. It denotes 
a time-independent, stress-dependent stress-strain relation for a 
material with a finite yield strength. It implies nothing about 
deformation mechanism and should not be confused with crystal 
plasticity occurring by temperature-dependent dislocation 
movement. 
(2) Plastic flow refers to continued straining at constant stress 
after yield and should not be confused with viscous flow. 
(3) Elasticity denotes a stress-strain relation only, and implies 
nothing about the rigidity of the elastic material. Materials with 
large and small Young's moduli are referred to as stiff and soft, 
respectively. 
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(4) Brittle refers to a material which fails by fracture or 
cataclasis, but does not imply a marked stress or strength drop 
after failure. 
(5) Compressive stresses and strains are defined as positive, as 
is usual for geologists, but opposite to engineering convention. 
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CHAPTER 2 
POST-METAMORPHIC DEFORMATION OF THE OTAGO 
SCHIST : 
Field Evidence from Central Otago 
2.1 Previous Work 
The geological mapping of Central Otago, and the Rock and 
Pillar Range in particular, was first undertaken by Cotton (1917), 
who. interpreted the Central Otago ranges as tilted fault blocks 
between steeply dipping reverse faults. Williamson (1939) 
identified the peneplain surface as a datum, and drew the same 
conclusions as Cotton about range formation. Currently, the Rock 
and Pillar Range is covered by the 1:250,000 DSIR geological maps 
for the Dunedin and Oamaru quads. These maps were compiled by 
I.C. McKellar (1966, Dunedin) and A.R. Mutch (1963, Oamaru), and 
were done mostly by aerial photography. 
The Mesozoic metamorphic history of the schist has been 
elucidated through many years of careful work (Means, 1963; 
Bish;op 1971, 1972). However, information on the post-
metamorphic history of the schist, and particularly on Neogene 
deformation, is relatively scarce. Work in the region of the Rock 
and Pillars has been confined to the outskirts of the range and 
focuses largely on economic and petrographic features of the 
strata overlying the schist. An M.Sc. thesis by Brown (1962) was 
undertaken to document the regional geology and structure of the 
area just east of Middlemarch on the Taieri Ridge. He published 
two papers elaborating on this work (Brown, 1963; Brown, 1964). 
A B.Sc. thesis by Hesson (1981) focused on Tertiary stratigraphy 
and gold deposits at Hyde. Several third-year projects have been 
done at the northern end of the range. Waters (1990) and Whetter 
(1990) worked at Tyroiti and Hyde respectively to try to identify 
the Hyde Fault and characterise the relations between the schist 
and Tertiary strata. Simpson (1991) studied the Hamilton 
Diggings near Orangapai, which are gold diggings located at the 
Tertiary - schist interface. 
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Figure 2-1: Location of NE-SW map transects, Rock and Pillar Range. Structural 
information is summarised on stereonets in Figures 2-4, 2-8, and 2-9. Cross 




2.2 Rock and Pillar Range 
Mapping of the schist in the Rock and Pillar Range was done 
at a scale of 1:25,000. The range was divided into 5 transects 
from the back (northwest) side of the range to the front 
(southeast)(Fig. 2-1 ). The transects follow bearings of 305°, 
perpendicular to the approximate trend of the range crest of 035°. 
They are as evenly spaced as outcrop and access allowed, about 8 
km apart. The schist was mapped from the Patearoa-Styx road on 
the back of the range to the Strath Taieri plain sediments on the 
range front. Where there are no sediments in the Strath Taieri, 
the schist was mapped to the Taieri River. In addition, a transect 
was taken along the crest of the range. The attitude of 
schistosity was of primary interest, and lineations and joint 
surface orientations were also measured. Plate 1 is a composite 
map of the transects. Few unit contacts are present, with no 
Tertiary units preserved either on the top of the range, or south 
of Hyde at the front of the range, or south of Patearoa at the back 
of the range. Evidence of the peneplain surface, such as the 
distinctive weathered schist or rounded, silica-cemented sarsen 
stones that are weathered out of the basal Tertiary unit (Stirling, 
1988), was observed only where Tertiary units still cover the 
schist. Evidence of faulting and shear zones was sought, 
especially where these zones are indicated on the 1 :250,000 
geological map. 
2.2.1 Nature of Outcrop 
Outcrops in the Rock and Pillars often take the form of 
distinctive tors (the "Pillars" for which the range is named) tens 
of metres across and up to 10 metres high. These are widespread 
near the top of the range (Fig. 2-2) and occasionally present in the 
valleys. On both the northwest and southeast dipping flanks of the 
range outcrop is mainly available where streams have dissected 
the schist. Occasionally schistosity dip can be inferred from the 
general grain of a hillside, as sighted across drainages (Fig. 2-3). 
Outcrop is also present in road-cuts, both of major roads and of 
4WD tracks that abound on the range. Unfortunately, this type of 
outcrop is usually not reliable, as the schist tends to collapse 
1 0 
into road-cuts. 
Figure 2-2: Tors on the Rock and Pillar Range crest . They are about 5 m high. 
Figure 2-3: Schistosity dip of about 50° sighted along strike, across a small drainage 
on SE side of Rock and Pillar Range. View is to the NNE. 
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2.2.2 Schistosity 
The poles to schistosity in NW-SE transects A through E 
(see Fig. 2-i) are plotted on equal-angle stereonets in Figure 2-4. 
a .. b 
. , . . ~ . . . .., . ··~<~+___:_+ 
c 
.. . . ..... . 
···:-~ ...... . 
d 
·-- ··:. 
~· . ; .. ·: ... 
• 
Figure 2-4 a-e: Equal angle stereonets showing poles to schistosity for NW-SE 
transects (crosses where overturned). Best-fit great circle to poles and derived 
cylindroidal fold axes are shown. See Fig 2-1 for transect locations. 
i 2 
e 
The schistosity is crenulated, and at most outcrops three to 
five measurements were taken to provide an average, 
representative attitude over the outcrop. The schistosity clearly 
defines an asymmetric, SE-vergent upright fold. This fold is an 
open , gentle one, but the forelimb becomes steep and even 
overturned at a few localities along the centre of the range front. 
Outcrop dips inferred to be overturned are denoted in the 
stereonets by crosses. 
1T plot analysis was used to characterise schistosity folds, 
with an eyeballed best-fit great circle to schistosity poles. The 
pole to this plane is the derived schistosity fold axis. This 
method yields the best-fit cylindroidal fold model for each 
structural domain. Thus, when discussing schistosity fold axes 
for a particular transect or area, I am always referring to the 
best-fit cylindroidal axis. 
Each transect was fitted separately, and the derived fold 
axes are also plotted in Figure 2-4. The plunge magnitude and 
direction of these fold axes, from north to south, are 
approximately 15°/025°; 1 0°/009°; 09°/189°; 07°/185°; 
05°/190°. The fold axes are fairly consistent with each other, but 
not with the trend of the range crest, diverging from it by about 
25° to the west. The range crest trends about 035°, while the 
plunge direction of the fold axes is usually closer to 010°. The 
axial trace of the fold thus appears to be propagating out into the 
Strath Taieri in a southerly direction, oblique to the range front 
(Fig. 2-5) . 
Figure 2-5: View SSE along schistosity strike on SE side of the range shows fold 
propagating southward out into the Strath Taieri . 
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On the transect across the range crest, the very shallow 
dips made strikJs difficult to determine accurately (Fig. 2-6, a). 
Though it cannot be easily discerned on the stereoneL, the 
schistosity dips slightly south in the southwestern part of the 
range and slightly north in the northeast, thus seeming to 
delineate a subtle warping about an axis roughly perpendicular to 
the major schistosity fold axis. This minor folding can be seen in 
the gentle "whaleback" shape of the range (Fig. 2-6, b), and in the 
variation of plunge of the main fold axes from north in the NE to 
south in the SE. The schistosity thus describes a gentle, doubly 
piung ing antiform which closely, but not exactly, matches the 
shape of the range. 
. ·. ~..· . . . 
: L ...... ·. 
Figure 2-6: a) Equal-angle stereonet of poles to schistosity planes on the transect 
along the range crest. b) Rock and Pillar Range from SH 87, view to NNW. Range 
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Figure 2-7 a-e : Profiles of topography (top profile of each pair) and schistosity projected into plane of transect for transects A-E. In pr2file B, the 
schistosity is sketched in where steep to overturned. No ve1tical exaggeration, scale is in meters. Putative location of the Hyde Fault from the 1:250,000 
geological map· is marked on topography profiles. 
Schistosity dips for all five transects are drawn out and 
connected into their fold shape in Figure 2-7, a-e. These are the 
schistosity folds projected into the plane of the transect, 
perpendicular to the trend of the range crest. Also shown is the 
topographic profile across each transect. The topography is here 
inferred to be also the shape of the peneplain- (see Chapter 3). In 
transect C, the overturned layers had to be sketched in to connect 
the dips properly. In general, the shapes and sizes of each pair of 
profiles is quite similar. They are similar to a sine curve (n/1 0 
sin x), although the range shapes are slightly asymmetric. 
In the north, a palinspastic reconstruction of the topography 
to a flat-lying peneplain results in flat-lying schistosity. Further 
south, this reconstruction gives an initial southeast dip of the 
schistosity with respect to the peneplain. This dip is 11°, 13°, 
and 15° in transects C, D, and E, respectively. In Figure 2-7 c-e, 
the schistosity profiles are back-rotated by these amounts in 
order to show the similarity of the fold shapes. The schistosity 
fold usually rises a bit higher than the topography. This is 
expected, because some erosion has taken place. A few tens, up to 
100, metres of erosion is needed to reduce the schistosity 
profiles to the height of the topography profiles for transects B-
E. Transect A requires a bit more erosion -- about 200 metres. 
This congruence of shapes was also documented in the 
Dunstan Range by Beanland et al. (1986) and Walcott (1988), and 
in the Old Man and Garvie Mountains by Stirling (1988). Two 
transects across the Raggedy Range, near Omakau and Oturehua, 
were also carried out for comparative purposes, and showed very 
similar results. These are discussed in more detail below. 
2.2.3 Lineation 
The lineation in the schist is a metamorphic structure 
(Means, 1963) expressed by quartz redding. It is pervasive and 
remarkably uniform throughout the range, regardless of 
schistosity attitude (Fig. 2-8). Its plunge direction is 
approximately 345° to 350° (or 165° to 170°) with a plunge 
magnitude up to 15° either north or south. The plunge roughly 
corresponds to that of the schistosity fold axis : to the north in 
the northeast, and to the south in the southwest. The lineation 
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attitude does not reflect the warping of the peneplain to the same 
extent as the schistosity does, but it may be exerting a structural 
control on the orientation of the folded schistosity. This ~ontrol 
is analogous to the way in which corrugated cardboard is folded 
most easily about axes which parallel the corrugations (Cobbold & 
Watkinson, 1981 ). This control is further discussed in Chapter 7. 
:·· .. ·.· ... 
Figure 2-8: Equal-angle stereonet of 
lineation plunge for entire range 
2.2.4 Jointing 
Figure 2-9: Equal angle stereonet of 
poles to joints for entire range 
The tors on the range tops are formed by weathering 
controlled by jointing of the schist, and may indicate proximity to 
the peneplain surface (Stirling, 1988). Two distinct joint sets 
occur in the Rock and Pillars: a predominant one striking about 
070°, and a secondary one at 295° to 300°. Both dip subvertical to 
vertical. Figure 2-9 shows poles to joints. This jointing is less 
apparent where tors are absent on the flanks of the range. On the 
few tors in the Strath and upper Taieri valleys, tor-forming 
joints are also present, and quite similar in both attitude and 
character to those on the range top. 
The joint surfaces are usually quite smooth and no striae 
were observed. This may indicate that the joints are either 
weathering features or purely tensional (Mode I) fractures-- true 
joints as opposed to shear fractures (Engelder, 1987; Pollard & 
Segall, 1987). No mineralised surfaces were observed, perhaps 
indicating that the joints formed near the peneplain surface, in a 
relatively dry environment away from hydrothermal fluids. 
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2.2.5 Faulting 
Faulting in the area is notably absent. Two major faults are 
indicated on existing geological maps: the Hyde Fault bounding the 
range on the southeast , and an unnamed fault bounding the range 
on the northwest , which I refer to as the Ewe Hill Fault (EHF) . I 
consider the Hyde Fault in detail in the next chapter. The EHF is 
mapped from air photos as the structure responsible for uplift of 
the back of the range . Its role in range formation is inferred from 
the steep-sided back of the southern end of the range. Shear zones 
in the schist are difficu lt to spot on the ground because the foot 
of the range is usually pasture-covered . In a road-cut on Ewe Hill 
above Patearoa, two small shear zones are evident (Fig. 2-1 0) 
with a small, somewhat rotated block between them. 
Figure 2-10: Shear zone in roadcut above Patearoa. View is to SW. 
I believe that this is not a large displacement zone for several 
reasons : (1) its location a third of the way up the slope, rather 
than at the foot of the range, seems to preclude a large role in 
range uplift; (2) no gouge is present; (3) no systematic change in 
schistosity orientation across the shear zone is present; (4) 
efforts to trace this feature along strike failed to find ev idence 
of shear zones in either direct ion. 
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2.2.6 Tertiary and Quaternary Units 
Ot~er units in the region of the Rock and Pillars include a 
sequence of Tertiary sediments, capped by a Miocene basalt, north 
of Hyde in the Strath Taieri. (See Bishop (1974) for a thorough 
general qescription of these units, and Hesson (1981) for the 
stratigraphy at Hyde). The Upper Taieri and Strath Taieri basins 
are filled with alluvium of no more trian 20 metres thickness. The 
fans in the Strath Taieri are at their thickest in the middle of the 
range near Middlemarch, and thin to almost nothing at the ends of 
the range near Sutton and Hyde. These gravels are composed of 
reworked schist and Tertiary material. 
2.3 Raggedy Range 
Two transects were mapped across the Raggedy Range (see 
Fig. 1-1 for location) for comparison with the Rock and Pillars. 
The northern one (transect F) follows Thurlow Road; the southern 
(transect G), the Omakau-Poolburn road (Fig. 2-11) . 




Figure 2-11 : Location of Raggedy Range 
transects. Outline of range is schist-to-
alluvium contact. 
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Schistosity and lineation stereonets (Fig. 2-12) and 
schistosity-topography profiles (Fig. 2-13) were constructed as 
for the Rock and Pillars. In the north, the schistosity fold is more 
exaggerated than the topography (Fig. 2-13, a), with the SE side of 
the fold dipping more steeply than in the southern transect. The 
schistosity fold axis plunges approximately 10°/022° (Fig. 2-12, 
a). As in the Rock and Pillars, this is 20° to 25° more westerly 
than the trend of the range crest, which for the Raggedy Range is 
about 045°. 
The schistosity profile across the southern transect closely 
mimics the topography (Fig 2-13, b). A gentle, upright, open fold 
is described with an approximate axis of 20°/198° (Fig. 2-12, b). 
The plunge direction of the schistosity fold axis is again about 
25° more westerly than the trend of the range crest. These two 
schistosity fold axes indicate that the Raggedy Range schistosity 
also describes a doubly plunging antiform, as in the Rock and 
Pillars. 
a .. :It b 
.: 
• 
Figure 2-12: Equal-angle stereonets of poles to schistosity (crosses) and lineations 
(dots) for Raggedy Range. a) Northern transect. b) Southern transect. 
Lineations in both transects are again quite consistent with 
each other, regardless of schistosity (Fig. 2-12). They roughly 
parallel the schistosity fold axis in both transects, again 
indicating that they may control these axes (Cobbold & Watkinson, 
1981 ). Jointing was less apparent than in the Rock and Pillars, 






Figure 2-13: Profiles of topography (upper of each pair) and schistosity (lower of each pair) across Raggedy Range. a) F-F' is northern 
transect. b) G-G' is southern transect. Scale is in metres, with no vertical exaggeration. 
CHAPTER 3 
THE HYDE FAULT: 
Field Evidence of a Controlling Structure? 
3.1 Previous Work 
The Hyde Fault is the structure originally mapped as 
controlling the uplift of the Rock and Pillar Range (Williamson, 
1939). Figure 3-1 shows its location on existing geological maps. 
It is inferred from the offset of the peneplain to be a steep 
reverse fault with approximately 1000 metres of throw. It is also 
inferred to be a reactivated Cretaceous normal fault (Mutch, 
1963). This reversal of motion has been convincingly documented 
further to the north on the Dansey's Pass Fault (Bishop, 1974), and 
to the southeast on the Titri Fault (Mutch & Wilson, 1952). 
The Hyde Fault has been the subject of several unpublished 
studies. Both Whetter (1990) and Waters (1990) were unable to 
identify the fault near Hyde as a large, through-going structure. 
Whetter studied the type locality of the Hyde Fault in gold 
diggings at Hyde. He identifi.ed the main fault and several 
subsidiary ones basin-ward of it, but was unable to demonstrate 
magnitude of slip on any of them. Waters (1990) studied the 
geology of Tyroiti, just north of Hyde, and concluded that the Hyde 
Fault does not run through the area as shown on the DSIR map, and 
is not a "main structural control on the Rock and Pillar" Range. 
A study by Beanland et al. (1982), identified a series of 
lineaments along the range front on aerial photographs. These 
were inferred to be the surface expression of the Hyde Fault, by 
analogy with the similar subtle topographic expression of the 
Dunstan Fault (Beanland et al., 1986). Several of these "scarps" 
were field checked just north of Middlemarch, and it was unclear 


















Figure 3-1: Location of Hyde Fault from 1:250,000 geological map. Sites 1 & 2 were 
investigated in detail. Site 1 is detailed on Plate 3. Site 2 is Lug Creek. 
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3.2 Evidence of Uplift 
That uplift at the front of the range has occurred in the past 
is evident from the presence of the range and offset of the 
peneplain. That uplift processes are still active can be inferred 
from the patterns of stream incision of alluvial fans visible on 
air photos (Fig. 3-2). Here small drainages coming into the Strath 
Taieri can be seen cutting down into fans they have earlier 
deposited. The incision is deepest near the range front, implying 
uplift of the range. 
The alternative to large throw on the Hyde Fault involves 
folding of the schist and the peneplain surface to uplift the range. 
Unfortunately, this surface, the basal Tertiary unconformity, is 
not preserved in the Rock and Pillars except in the northernmost 
part of the range near Hyde. Here it can be seen both folded and 
faulted, although the relative importance in range uplift of these 
two processes at Hyde is not evident. 
This study uncovered evidence both for and against the 
existence of the Hyde Fault as a through-going structure with 
large throw. This evidence is presented below with an assessment 
of the fault's role in the formation of the Rock and Pillar Range. 
3.3 Evidence for Faulting 
3.3.1 Hyde Diggings 
The type locality of the Hyde Fault is in gold diggings just 
north of Hyde. A photo and sketch of this area is shown in Figure 
3-3. Here it is indisputably a reverse fault thrusting schist over 
Tertiary sediments and alluvial gravels. 
The fault at this locality has no gouge and a few striae 
plunging directly down dip. A short calculation shows that no 
more than a few metres of slip is required on the fault, although 
more slip may have occurred. If the fault dips 50° to depth as it 
does at the surface, and the peneplain surface is just above the 
current topographic surface on the upthrown block, then a reverse 
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separation of only 12 metres is needed to produce the present 
outcrop geometry . .... 
0 1 
·H 
Figure 3-2: Stream incision into fans. Different patterns are to distinguish fans 
only. Stream incision ends at jagged line; beyond this streams are broad and braided 
to the Taieri River. 
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Figure 3-3: Photo and sketch of Hyde diggings showing Hyde Fault, peneplain 
surface, and inferred offset. View is to the southwest. 
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3.3.2 Detailed Investigation of Scarps 
Detailed investigation of the range front guided by the study 
of Beanland et al. (1982) has uncovered evidence for faulting 
beneath the highest part of the range , from just west of 
Middlemarch to Lug Creek. Figure 3-5 shows the location of the 
features identified by Beanland et al. (1982) on aerial 
photographs. Further field checking of these features was carried 
out to determine whether they are fault scarps or debris flows. 
On the ground, several of these features seem to be fence lines, 
others represent alluvial fan - schist contact with no evidence of 
faulting . At two sites, some evidence of faulting was found, with 
the most convincing evidence at Site 1 (Fig . 3-1, Fig. 3-5). 
Site 1 was plane-tabled at a scale of 1:1 000 with 2 metre 
contours to provide more detail than the 1 :25,000 map (Plate 3) . 
This site consists of three small ridges separated by drainages 
about 20 metres deep. The slope breaks in the ridges were 
identified as scarps by Beanland et al. (1982). In the southern part 
of this site the slope break seems to cut the fan surface 
producing a 12 metre scarp (Fig. 3-4). 




0 "1. :L \<.r~ 
Figure 3-5: Location of Beanland et al. (1982) scarps from air photos. Sites 1 and 2 
as on Figure 3-1. 
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Schist on the upthrown side is visible only as a steeply 
dipping grain to the hillside and not as coherent large outcrops. 
This is the only part of the area where relatively intact schist is 
present. The crest of the middle ridge has several broken 'up 
blocks up to 2 m long, but their schistosity does not show a 
consistent orientation. The fan surface on the southern two ridges 
is fairly smooth, but the northernmost one has a distinctly 
hummocky surface. 
The slope break is most distinct in the southernmost ridge, 
and becomes less abrupt to the north, as can be seen clearly on 
topographic profiles (Fig. 3-6). The fault as delineated by these 
slope breaks appears to be a low angle structure wrapping around 
topography, which could account for the confusion over its being a 
scarp or the toe of a debris flow. 
The emergence of springs from the ground in the southern 
drainage indicate that a fault may be present. Poorly developed 
schist gouge is also present where the hillside has slumped. There 
is little evidence to determine the magnitude of motion on the 
fault, especially as intact schist is not evident in the 
downthrown block. This absence of schist outcrop may 
necessitate at least 20 metres (depth of the drainage) of total 
throw on the fault, if the downthrown block is entirely a gravel 
fan. Alternatively, the schist may simply be everywhere covered 
by a thin veneer of gravel and pasture (as is common near the 
range front), so that it is not visible. Several possible scarps are 
present near the bottom of the southern drainage (Fig. 3-7). 
Digging in this area failed to uncover either any gouge or a 
convincing fault plane, which suggests that these may simply be 
slumps in loose gravels. To the north of this area, the trace of the 
postulated fault runs directly into a hillside and disappears. 
Low altitude aerial photography (Fig. 3-8) revealed that the 
surface of the fan above the scarp is considerably rougher than 
that below, suggesting again that it may be a debris flow. 
Furthermore, gouge and springs may also be found at the base of 
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Figure 3-6: Topographic profiles of slope break at Site 1; location of cross sections is on Plate 3. a) Southern ridge; b) centre ridge; c) 
northern ridge. Approximate location of slope break is marked in the southern 2 transects; in the northern one it was too indistinct to locate 
precisely. 
Figure 3-7: Possible scarp (in shadow) in southern drainage at Site 1. View is to the 
ssw. 
Figure 3-8: Low altitude aerial photo of fan surface at Site 1. Centre ridge of Plate 3 
is the light-coloured, diamond shaped one. View to the NE. 
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At Site 2, Lug Creek, several springs and gouge zones are 
present. These are not sufficient to delineate a fault planr:;, but 
the gouge seems more developed than at Site 1. A gouge sample 
from about 15 em below ground was taken. 
3.3.3 Gouge Petrography 
The fault gouge collected at Lug Creek is a matrix-
supported, greenish-grey, plastic-feeling clay gouge with gritty 
chunks a few mm up to one em in diameter. A thin section made 
from this gouge is shown in Figure 3-9. The section shows the 
gouge is clearly formed from schist. The micas ~re the same and 
the bulk composition of the matrix is similar to that of intact 
schist. Clasts derived from quartzose layers of schist which are 
90% -· 100% quartz (some contain some relatively intact chlorite) 
are supported in a micaceous matrix consisting of chlorite, whlte 
micas, clays, some opaques, and some smaller quartz grains. The 
clasts are often mantled by a 1 to 2 crystal thickness layer of 
mica which is much finer grained than the micas found in intact 
schist. This mantling gives the rock the appearance of a ductilely 
deformed, high metamorphic grade rock in which flow has 
occurred in the matrix -- it is almost trachytic. in texture. 
However, in hand sample it is not lithified, rather it is a very 
puggy, plastic clay gouge. It appears that the more micaceous 
layers of schist have become disaggregated and the micas broken 
up into smaller flakes, providing a matrix for more quartz-rich 
fragments. The micas wrap around these schist clasts in a 
ductile-seeming manner. 
Figure 3-9: 25x photomicrograph of gouge thin section. 
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This texture may indicate that the schist flows if only 
slightly disturbed and that clays and micas may behave 
plastically even on the surface. The lack of discrete shear zones 
or hydwth:.Hmal alteration suggests that this is not a highly 
developed fault rock ( D. Craw, pers. comm.) but rather one which 
formed close to the surface and records relatively little 
deformation. Alternatively, it may have been formed on the 
sliding surface at the base of a debris flow, eliminating the need 
for a fault. 
3.3.4 Earthquake Activity 
Although there is no historical record of rupture on the Hyde 
Fault,. a tremor was reported in Middlemarch on July 27, 1992, at 
7:30 pm which appeared as a small signal on the University of 
Otago seismograph (Fig. 3-1 0). The signal is small enough that had 
it occurred during the day, it may well have been obscured by city 
background noise. As it is, the tremor was reported by only one 
person, indicating that it was not a very strong earthquake, 
perhaps only an M2. As can be seen on the seismograph, the tremor 
occurred 60-80 km from Dunedin, placing it on a circle which 
intersects the Hyde Fault just north of Middlemarch. 
There is no guarantee that this earthquake happened on the 
Hyde Fault; the data are quite insufficient to constrain the 
locality at all, were it not for the report of ground motion. ·It is 
interesting to note that many small earthquakes may occur here, 
obscured by natural and cultural background noise. A detailed 
microseismic study would be needed to tell if this were the case. 
Figure 3-1 0: Seismogram of earthquake felt near M iddlemarch, July 27, 1992. a) 
E-W motion. b) N-S motion. 
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3.4 Evidence for Folding 
As noted above, putting one's finger on the fault plane is no 
simple matter. Elucidating the nature of the schist/alluvial fan 
contact at the range front is made difficult by several factors: 
the absence of outcrop at the foot of the range, the obfuscation of 
evidence by farming activities, and thick undergrowth of 
matagouri and rosebushes in drainage gullies which might cut 
across a fault plane. Furthermore, it is more difficult to provide 
evidence for the absence of a fault than for its existence. 
However, much secondary evidence exists which, when considered 
cumulatively, suggests that a large amount of throw on the Hyde 
Fault has not occurred. In addition to the pattern of schistosity 
dip, which indicates folding rather than truncation by a fault, the 
following characteristics of the range front seem to indicate that 
the Hyde Fault is not major range-forming structure. 
3.4.1 Volume of Sediments 
Had the range simply been thrust up on a reverse fault 
dipping about 60°, a simple calculation shows that there is 
insufficient sediment in the Strath Taieri valley to account for 
all the material that would h~ve had to erode off the range front 
to produce the current topography. Figure 3-11 shows the 
geometry of thrusting and erosion, and the Strath Taieri basin. 
actual basin size 
Figure 3-11: Geometry of thrusting and erosion. Actual basin depth is approximately 
line-thickness. Also shown are basins needed to hold material for angle of repose 
slope and actual topography. . 
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Uplift on a reverse fault would require the erosion and 
transport away of roughly 106 m3 of material for every metre of 
range front to produce a slope at a 35° angle of repose. An 
additional 1 o6 m3 of eroded material is required to produce the 
current topography. There is roughly 105 m3 of sediment in the 
Strath Taieri basin for every metre of range front. (This is 
generously estimated -- calculated for a 20 metre thickness of 
sediment everywhere in the basin, which is the largest thickness 
observed even in the large fans at the highest part of the range). 
Therefore, the current basin is holding only one twentieth of 
the sediment that must have been shed off the range front had it 
been produced entirely by reverse faulting. This leaves about 6 x 
1 01 O cubic metres of material along the 40 km long range front 
unaccounted for in the mass balance. The volume of missing 
material is further increased by the fact that at the northern and 
southern ends of the range, at Sutton and Hyde, there is virtually 
no alluvium at all. Transport away by the Taieri River could 
account for some of the missing material, but as it is a small 
river running on bedrock,· it is unlikely that it could remove this 
volume of material. 
Furthermore, current precipitation and erosion conditions 
preclude a large volume of eroded material. As noted in Chapter 1, 
rainfall in Central Otago is the lowest in New Zealand, in the 
range of 380 mm to 630 mm annually (Maunder, 1965). Hanks et al. 
(1984) estimate the two-dimensional erosion parameter (rate of 
erosion) in arid regions at 103 m2/Ma. If uplift on a reverse fault 
has been occurring for 10 Ma, an erosion parameter of 2x1 Q5 
m2/Ma is required to produce current range-front topography. 
Erosion after folding would produce much less sediment than a 
block-faulted range front. 
3.4.2 Composition of Fans 
The composition of the alluvial fan gravels is also 
inconsistent with large amounts of erosion of an upthrown block. 
Had this erosion occurred, the alluvium would consist almost 
entirely of schist fragments. Instead, at Hyde, the gravels are 
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composed of schist in a matrix of reworked Tertiary sediments 
(Whetter, 1990). Hesson (1981) indicates that the gravels are 
composed of schist, quartz pebbles from the Hogburn Formation 
(the basal Tertiary unit), and volcanic boulders. This would 
indicate that the thin veneer of Tertiary sediments has eroded 
off, followed by only a small amount of schist. 
3.4.3 Gold Distribution 
Evidence that the range front still lies relatively close to 
the peneplain surface, indicating little throw on the Hyde Fault 
and little erosion on the front of the range, comes from the 
presence of gold in crevices in the schist all over the front of the 
range (J. Youngson, pers. comm.). This gold is elsewhere found at 
the peneplain surface -- at the Tertiary unconformity at the base 
of the Hog burn Formation at Hyde (Hesson, 1981) and in Hamilton 
Diggings (Simpson, 1991). If the range front represents a depth 
section brought up along a steep reverse fault, gold should be 
present only on the top of the range, because on the flank it would 
have all eroded away. Its presence all over the range front 
suggests that this surface is still relatively close to the 
peneplain surface. 
3.4.4 Trace of Range Front 
Ranges that are produced by throw on reverse faults often 
have steep, linear fronts. The Rock and Pillar range front does not 
conform to this morphology (Fig. 3-12). The sinuous trace of the 
range front can not be simply attributed to fan cover and erosion, 
as the schist/alluvium contact is everywhere at the slope break. 
Furthermore, one would expect a fault with a finite displacement 
of 1000 m to be traceable for many kilometres along strike. 
However, where the "scarps" have been identified in air photos, as 
in Beanland, et at. (1982), they are traceable for only a few tens 
of metres along strike. This lack of continuity suggests that the 
Hyde Fault is not a large displacement high-angle structure. 
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Figure 3-12: Range front, looking NE toward Hyde. 
3.4.5 Basalt Syncline 
North of Hyde, the Tertiary sediments are preserved under a 
basalt flow which forms a good originally flat datum. This 
surface has been warped along with the schist, Tertiary 
unconformity, and Tertiary sediments (Fig. 3-13). This warping is 
exactly the sort of deformation that would be expected if the 
range were indeed a large fold. As can be seen on the photo, the 
trace of the west limb of this syncline closely follows the shape 
of the hillside . This indicates that at least some folding of the 




Figure 3-1 3: Basalt syncline. a) Looking NE toward Hyde on SH 87; b) looking SW 
from the air; c) looking SE from the air. 
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3.5 Summary 
The field evidence accumulated in this study indicates that 
the Hyde Fault is not a large, through-going structure with 1000 
m of throw. Rather, it is a relativelY- minor structure in 
controlling the uplift of the Rock and Pillar Range. The only clear 
presence of a fault is in the Hyde Diggings. Elsewhere, as in Sites 
1 and 2, evidence would suggest that a debris flow origin of the 
topographic slope break is equally likely. 
The possibility of strike-slip displacement on the fault has 
not been specifically addressed . There are no reliable markers 
which could be offset by lateral displacement. Streams flowing 
off the Rock and Pillars have no systematic displacement, but the 
repeat time for earthquakes may be large in comparison to the 
time required for stream beds to be established. The regional 
stress field is discussed in Chapter 7, and the possibility of 
lateral deformation is further assessed. 
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CHAPTER 4 
INITIATION OF FOLDING : 
A Mechanical Framework 
4.1 Problem Statement 
It has been stated that crustal scale folds are mechanically 
impossible, and therefore cannot exist. However, the history of 
geology is full of concepts now routinely accepted, but initially 
rejected because they were "mechanically impossible" or "not in 
accord with the laws of physics." Examples include Kelvin's 
estimate of the age of the Earth, continental drift, low angle 
overthrusts and low-angle normal faults. The assumptions that 
underlie a statement of impossibility need to be closely 
examined. It is often assumed that the Earth's crust is adequately 
modelled mechanically as a homogeneous, isotropic, intact, dry 
elastic plate. This is the case for two reasons : the ability of the 
crust to transmit stresses from the boundary to the center of a 
plate, and its ability to transmit seismic waves effectively 
(Jeffreys, 1962). However, geologists have long realised that 
elastic models of the earth· are inadequate to describe anything 
but very short time scale phenomena (e.g. Carey, 1954). Similarly, 
elastic plate models do not adequately explain the thickness to 
wavelength ratio and asymmetry of the Otago Range and Basin 
folds. 
In the preceding chapters, I have shown that the Otago Range 
and Basin appears to be a series of folds with a wavelength of 
about 20-25 km and an amplitude of up to 1.5 km. .It must be 
assumed that this deformation affects the entire seismogenic 
zone of 10-15 km, and ductile flow occurs beneath the 
seismogenic zone, otherwise space problems ensue. Producing 
folds on this wavelength of a 10 km thick elastic plate is no 
trivial matter. It requires either horizontal compressional 
stresses on the order of several GPa for Euler elastic buckling 
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initiation or additional couples at the edges of the plate to 
produce a bending moment of about 101 5 Nm. 
If Byerlee friction is active to the base of the seismogenic 
zone, the Mohr-Coulomb failure strength of intact, dry rock is 
- also of this order of magnitude -- several GPa. However, the 
actual differential stress needed to produce faulting is probably 
much lower. This is due to: (1) pre-existing weaknesses (like the 
Cretaceous normal faults in the schist). Crustal-scale samples of 
rock invariably have lower shear strength than laboratory 
samples because of pre-existing weaknesses (Jaeger & Cook, 
1976); (2) fluid pressures which reduce the effective normal 
stress on failure planes; (3) stress corrosion and chemical 
weakening. These may combine to reduce the ultimate shear 
strength of a large rock body significantly, but do not affect the 
critical elastic buckling stress of an elastic plate. Furthermore, 
recent work by Hobbs et al. (1986) and Ord & Hobbs (1989) 
indicates that Byerlee friction laws may not be applicable at 
depths near the base of the seismogenic zone. Ord & Hobbs (1989) 
estimate an. upper limit of 300 MPa for the shear strength of the 
continental crust with hydrostatic fluid pressures, with a more 
usual level of 100 to 200 MPa in compressive regimes. Fluid 
pressures above hydrostatic, as may be expected in compressive 
regimes (Sibson, 1985), further reduce the shear strength. 
Therefore, failure by f.aulting should occur before buckling 
and it seems valid, on the assumption of elastic plate behaviour, 
to proclaim folding impossible. However, the folds exist. In the 
next two chapters I develop a conceptual mechanical model which 
is more appropriate to the Otago Schist than an elastic plate 
model, and show how folds can be produced by processes other 
than purely elastic buckling of a single elastic plate. 
Within the mechanical framework there are two separate 
problems to address -- the initiation of a buckle fold and its 
subsequent growth. An adequate solution to the first is the more 
difficult of the problems because the development of a 
mechanical instability requires a higher stress than its further 
propagation. Once a buckle has formed, further compression more 
easily amplifies the initial perturbation. Separating the initiation 
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process from the growth to large finite strains enables small-
deformation assumptions to be used in the more difficult first 
part of the analysis. In this chapter I develop a constitutive model 
that allows a buckling instability to occur. In Chapter 5 I 
examine aspects of the growth process and evaluate factors of 
scale on the model. 
4.2 Elastic Plate Buckling 
Classical Euler mechanical theory shows that it is very 
difficult to develop an elastic buckling instability if the upper 
crust of the earth behaves as a single ideal elastic plate. Figure 
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Figure 4-1: a) Cross section of a plate in neutral equilibrium, showing external stresses, 
dimensions, coordinate system. b) Cross section of a plate in buckled equilibrium. ere is the 
critical buckling stress, "A is the wavelength of folding, a is the fold amplitude, and u and v are 
horizontal and vertical point displacements, respectively. The neutral surface of the plate is 
shown as a dashed line, corresponding to no change of line length/stress state. Stress ellipses 
indicate tangential longitudinal stresses induced by bending. 
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The critical buckling stress is given by 
crc = n 2DfhL2 
= n 2Eh2f1 2 L2(1- v2) (4-1) 
where D is the flexural rigidity of the plate, h is the plate 
thickness, L is the plate length, E is Young's Modulus, and v is 
Poisson's ratio. This equation has a thin-plate, or small 
deformation assumption inherent in it -- that initially parallel 
planes cutting through the plate remain roughly parallel, or that 
vertical displacements are small in comparison to the length of 
the plate. This is appropriate for the first increment of 
deformation involved in fold initiation, although it may not be 
appropriate for analysis of the growth of folds to finite 
deformations. 
Table 4-1 shows the effect of varying the parameters in 
Equation 4-1. A simple calculation with laboratory-derived values 
for elastic constants (Brown, 1975; Perrin, 1979) gives a critical 
buckling stress of about 1 GPa of differential stress (cr1- cr3) for 
a buckle fold of the dimensions of the Rock and Pillar Range. To 
produce buckle folds elastically at a differential stress of about 
100 MPa a Young's modulus of 1 os Pa is required if all other 
parameters are kept the same. This is about 100 times lower than 
the dynamically determined Young's modulus for the schist as 
reported by the research reports for the Clyde .Power Project 
(Brown, 1975). This low apparent elastic modulus indicates that 
the entire plate probably is not elastic. This modulus implies a 
flexural rigidity of 101 9 Nm, where the usual rigidity is 1021 Nm. 
Table 4-1: Euler Buckling Stress 
E (Pa) 2.00E+10 5.00E+08 2.00E+10 2.00E+1 0 1.00E+10 
h (m) 1 .OOE+04 1 .OOE+04 2.50E+03 1.00E+04 1 .OOE+04 
0.25 0.25 0.25 0.5 0.25 
L (m) 2.50E+04 2.50E+04 3.00E+04 3.00E+04 1.00E+05 
weak thin long 
elastic core 
ac (GPa) 2.81 0.07 0.12 2.44 0.09 
Table 4-1: Euler buckling stress of a simply supported, elastic, isotropic plate. 
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The more common interpretation of a low flexural rigidity 
(often calculated from analyses of plate bending associated with 
vertical loading) is that the truly elastic portion of the crust is 
thin (for example: Rundle, 1986; Stein et al., 1988; Bechtel et al., 
1990). The observed fold deformation in the Rock and Pillars 
implies an equivalent elastic plate thickness of only 2.5 km. A 
possibility proposed by McAdoo and Sandwell (1985) in their 
study of the Indian Ocean lithosphere is that a thin elastic core 
controls the behaviour of the lithosphere, or the crust in this 
case. However, they fail to address the deformation mechanism of 
the portion of the lithosphere that is not deforming elastically. 
Variation of Poisson's ratio has little effect. Varying the 
length of the plate gives a conclusion that is taken as a given in 
most engineering texts: that thin plate or beam buckling starts to 
become favorable at a thickness to length ratio of 1 :10. Thus the 
thickness to wavelength ratio of about 1 :2.5 in the observed folds 
is incompatible with elastic buckling models. Furthermore, these 
models do not address the asymmetry of the folds. 
4.3 Multi-Layer Models 
Elastic buckling of a single plate will not produce the Otago 
Ranges. Therefore, the assumptions involved in the above 
calculations -- that the crust is a single isotropic, homogeneous, 
elastic, intact, dry plate -- must be more closely examined. The 
Otago Schist is clearly neither isotropic nor homogeneous, but is 
made of many layers of alternating and complex mineralogy. 
Studies of flexural-slip type folds have been done by multi-layer, 
Ramberg type analysis by many researchers (for example: Johnson 
& Page, 1976; Johnson, 1980; Latham, 1985; Jamison, 1992). This 
type of analysis is very useful for describing and explaining 
analog experiments and mesoscopic folds in sedimentary strata. 
However, this sort of analysis does not apply well to the Otago 
Schist for several reasons. These include: (1) the difficulty of 
defining an appropriate layer, as it is unclear how thick a 
sequence lies between slip surfaces; (2) the very large number of 
layers possibly needed makes for very unwieldy calculations; (3) 
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the relative inhomogeneity of the layers make it difficult to 
characterize the mechanical properties of each layer as is 
required. 
The alternative is to consider the material as "statistically 
homogeneous", in the sense of Cqbbold et al. (1971). This term 
indicates that the material is to be treated as a structure having 
bulk rheological properties rather than a composite made of many 
layers having different or alternating material properties, one of 
which primarily controls the behaviour. This treatment is 
permissible because the mm to em thickness of individual 
schistosity layers is very small when compared to the thickness 
of the entire plate which is being_ folded. Using this model, the 
anisotropy becomes a property inherent in the schist, and we may 
utilise the seminal work of M.A. Biot on the folding of anisotropic 
materials. 
4.4 Biot Theory : Buckling of an Elastic Anisotropic Plate 
Biot (1965) published a treatise on the incremental 
deformation of material, which includes several chapters on the 
effects of anisotropy. Within the: framework of his theory, it is 
possible to produce elastic instabilities in a material with high 
mechanical anisotropy under. much lower stresses than the Euler 
buckling stress. Mechanical anisotropy implies varying elastic 
moduli in different directions, and the magnitude of the 
difference of moduli parallel and at 45° to layering can determine 
whether or not the material will buckle. The basics of his theory 
are outlined below. 
For incompressible isotropic rocks in plane strain, the 
incremental deformation equations are 
Sxx = Gexx 
syy = Geyy (4-2) 
Sxy = Gexy 
Where s is incremental deviatoric stress and e is incremental 
strain, referred to stress axes which can rotate with a rotating 
element of the material (this is also referred to as the Jaumann 
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co-rotational stress (Rudnicki & Rice, 1975)). G is the shear 
modulus of the material. 
In an anisotropic system, Biot defines a compressive 
modulus that is different from the shear modulus. This means 
that the material will deform a different amount for an increment 
of deviatoric pure shear than for an increment of deviatoric 
simple shear. 
Sxx = Nexx 
Syy=Neyy (4-3) 
Sxy = Oexy 
where N is the compressive modulus of the unstressed material 
and Q is its shear modulus. Biot then considers the material under 
an initial differential compressive stress parallel to schistosity. 
To proceed further, another assumption must be made. This is that 
the material is in an orthotropic stress state, meaning that the 
elastic properties are symmetric with respect to 3 mutually 
perpendicular planes (Jaeger, 1964), and the principal stresses 
are either aligned with these planes or at 45° to them. This 
condition is shown in Figure 4-2. 
+1----------1 +1 
or thd:r opi c 
_a -
or thctr opi c non- arthotr opic 
Figure 4-2: Diagram of material in an orthotropic stress state. A layered material is 
orthotropic with respect to stress if the layering is parallel, perpendicular, or at 
45° to the principal stress axes. (After Cobbold et al., 1971). 
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This compression gives new moduli which are functions of the 
stress state such that: 
M = N + P/4 
L = Q + P/2 slide modulus 
(4-4) 
L is also known as the slide modulus, by analogy to layers of 
material sliding over one another. 
From an equilibrium analysis of buckling, a modified form of 
the buckling stability equation is obtained, a fourth order 
homogeneous partial differential equation: 
A( f>4<Pf6x4) + 2B( f>4<Pff>y2f>x2) + C( 6<P4ff>y4 ) = 0 (4-5) 
Where <P is a displacement function such that: 
u = -6<P/6y v = 6<P/6x (4-6) 
and A, B, and C are coefficients dependent on the material. For 
isotropic rocks with no initial stresses, A = B = C = 1. For 
orthotropic rocks, A = L-P, B = (2M-L), C = L. 
There are 3 possible real solutions to this equation, 





3: M/L<1/2; P/L>1 
(4-7) 
The solution is represented graphically in Figure 4-3. Cobbold et 
al., 1971, show that the third case (Type 3 folds) reduces to one 
of the first two in real situations. Thus, while it is 
mathematically different, it is never encountered empirically. 
The first two cases are referred to as Type 1 and Type 2 
instabilities. The solution for the critical buckling stress is then 
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Figure 4-3: Graphical solution of buckling stability equation showing 3 possible 
solutions corresponding to different anisotropy levels and stress state. (After Biot, 
1 96 5) 
In this analysis, Type 1 folds are similar to normal Euler 
buckles, that is, sinusoidal. They occur when M/L > 0.5. This 
situation might be expected in: the Otago Schist, where the rock is 
stiffer parallel to the schistosity than oblique to it (Brown, 
1975). Type 2 folds typically· form as kink bands, and occur when 
M/L < 0.5. By symmetry arguments, this can occur in natural 
systems if the layering is rotated 45° to cr1. In this case, 
compressive stress resolves into maximum shear stress on the 
schistosity planes, and an increment of simple shear only 
produces a resolved increment of normal stress on the planes. The 
Biot theory is not extended to angles between 0° and 45°, but 
experimental evidence (Price & Cosgrove, 1990) shows that, as 
might be expected, an intermediate angle produces a deformation 
mode that appears to be Type 1 and 2 modes superposed. Thus, any 
mode of Biot buckling other than pure Type 1 folding produces 
asymmetric folds. 
The measured elastic anisotropy (Ratio of Young's moduli 
parallel and 45° to the schistosity) of the schist ranges from 2 to 
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8 (Perrin, 1975; Brown, 1979; Read et al., 1987), which is not 
enough to produce folds of this thickness to wavelength ratio. In 
fact, to produce buckling at a stress of 100 MPa, an anisotropy of 
(M/L) = 50 would be needed. Even if the stress conditions for 
Biot-type buckling were met given the observed elastic 
anisotropy, the structures that would form would be of much 
longer wavelength than those observed on the surface today (Biot, 
1965). 
Thus, given the geometry and equilibrium equations of a 
buckling instability, these elastic, anisotropic constitutive 
relations are still insufficient to produce the Otago Ranges. 
Therefore, we have to consider that these folds are not in fact 
elastic buckles, but result from some other process or 
combination of processes which produce a buckle-fold shape. 
4.5 Elastic-Plastic Anisotropy 
By considering the slide modulus as actually representing 
sliding between layers, a model of the Otago Schist evolves which 
permits formation of the observed structures. If we consider the 
modulus value (N) in compression as the elastic modulus, but the 
modulus value in shear (Q) as a plastic modulus which relates the 
amount of plastic strain to .the stress after yielding, we have 
enough contrast in the moduli to initiate Biot-type buckling. 
Essentially, we can consider the Otago schist as responding 
elastically to an increment of compression, but plastically to 
schistosity-parallel shear by failure and slip on the schistosity 
planes. This treatment is possible because of 1) the very strong 
anisotropy, and 2) the weakness and low friction angle of the 
micaceous layers of the schist. This anisotropy causes the 
modulus tensor used in the constitutive law to no longer be 
symmetric as it is for the isotropic elastic case. I therefore 
characterize the behaviour of the schist in a number of steps 
beginning with a modification of this tensor to include plastic 
elements. 
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4.5.1 Simplifying Assumptions 
Any mechanical analysis of a structure such as the Otago 
Schist assumes certain material characteristics. I use a number 
of simplifying assumptions and then attempt to elaborate the 
model to eliminate or incorporate them. These assumptions 
idealizing the material are as follows: 
(1) I use a two-dimensional plane strain treatment. This is not 
entirely accurate because, as noted in Chapter 2, the ranges are 
"whalebacks", or doubly plunging anticlines, and not simple 
cylindrical folds. However, for a treatment of fold initiation it 
may be appropriate because the double plunge is almost certainly 
a growth characteristic and not an initial one. 
(2) This leads to a material assumption that the schist is 
transversely isotropic in compression, i.e. that the elastic 
constants in the z-direction coming in and out of the plane are 
the same as those in the x-direction, but not necessarily the same 
as those in the y-direction (vertical). (See Figure 4-1 ). 
(3) The material is assumed to be perfectly plastic in response to 
an increment of Tyx. foliatiqn-parallel shear. This includes the 
assumptions that the schistosity planes are frictionless and that 
stress and strain are coaxial. 
The orthotropic stress state of the material as specified 
above effectively decouples the elastic and plastic parts of the 
deformation. The maintenance of this state will clearly not 
persist beyond anything more than infinitesimal deformation 
because the plasticity is directional and rotates with the rotation 
of the schistosity planes. Again, however, we are dealing with 
initiation of folds and not their growth, so the rotation of 
material is minimal at this stage. 
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4.5.2 Constitutive Law 
The most general time-independent, three-dimensional 
constitutive law has 81 independent variables relating stress to 
strain. If we consider only a two-dimensional case, this number 
reduces to 16, and the form of the constitutive law is: 
cr = C E k,l,m,n = 1 or 2 (4-8) 
By arguments of non-rotational equilibrium and symmetry, k and I 
are interchangeable, as are m and n, this number can be reduced to 
9: 
(4-9) 
Furthermore, orthotropic symmetry guarantees that shear and 
normal components of deformation are kept completely separate 
(coaxial stress and strain is assumed), which reduces the number 
of components of the material tensor to 5: 
(4-10) 
Four of these components are associated with elastic 
response to normal stresses and the fifth with plastic response 
to shear stress. The four elastic constants are simply the same as 
those for a purely elastic anisotropic material: C1111 = E1, C2222 
= E2, C1122 =- v1E2, C2211 =- v2E1. Read et al. (1987) present a 
constitutive law for the schist that defines C1212 as simply G, 
the elastic shear modulus. However, the plastic element of shear 
deformation is far more important than the elastic. Thus, the 
fifth component of the tensor represents the plastic behaviour of 
51 
the material after plastic failure. It can be generalised as 
(Crandall et al., 1972) 
c1212 = a1 3£p ( 4-11 ) 
Where Ep is the equivalent plastic strain and cr is the Mises 
equivalent stress: 
a= (0.5(0"1- cQ)2)0.5 (4-12) 
In stating the plastic modulus as stress/strain, I have 
assumed a deformation theory of plasticity, as opposed to a .flow, 
or incremental theory. A flow theory would have the quotient of 
differentials as the modulus. However, for monotonically 
increasing loading and proportional shear/normal stress loading, 
the two are equivalent (Crandall et al., 1972). It is only for more 
complicated loading paths that an incremental theory is 
necessary. 
The implications of this change in the modulus tensor is 




M = G + P/4 
e 11 
Figure 4-4: Shear stress/ strain graph for an elastic-plastic material in a) 
compression, and b) shear. In compression slope is G and M = G+P/4. In shear at 
•>•y (where <y is the yield stress), slope is 0 and L = P/2. 
The components of the modulus tensor are the slopes of the 
stress strain curve. For a perfectly (non-hardening) plastic 
material, the slope of this curve, or Q, is zero after failure. This 
gives a slide modulus of P/2, and as we can see in Figure 4-2, the 
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material then always lies in a field of buckling instability. 
Assuming that M represents an elastic modulus, M/L is large, and 
Type 1 buckling ensues. Slight strain-hardening behaviour on the 
schistosity planes is also permissible, as long as C1111 1 C1 212 is 
less than the M/L needed to initiate an instability. 
The inclusion of plastic elements in the constitutive 
formulation favors the formation of short-wavelength folds. 
Martinod & Davy (1992) modelled the upper crust as a perfect 
plastic layer and found that the most favourable mode of 
deformation in compression was buckling of the upper crust with 
a wavelength : thickness ratio of 4:1. This approaches the ratio 
observed in Central Otago. 
4.6 Application to the Otago Schist 
This treatment is clearly not an adequate representation of 
real rocks, because the third assumption above oversimplifies the 
mechanical characteristics. Real rocks are frictional elastic-
plastic (obeying a Mohr'-Coulomb yield criterion) with a finite 
yield strength. The elastic portion of the shear deformation adds 
a component of elastic strain proportional to G to the plastic 
strain, but because it is a minor part of the total deformation, it 
does not affect the analysis greatly. However, introducing a finite 
yield strength adds the requirement for some shear stress on the 
schistosity planes before the instability can initiate. This can be 
either an externally imposed shear stress, or a resolved shear 
produced internally on initial imperfections in the schistosity 
plane alignment. The presence of a fault structure at depth is one 
way to impose an external stress perturbation. Either of these 
initiating structures could be present in the Rock and Pillars, or 
in any real structure. The presence of an initiating structure will 
also produce the observed asymmetry in the folding, as is more 
thoroughly explored in Chapter 6. 
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4.6.1 Fault at Depth 
It has thus far been assumed that the original plate is still 
intact, statistically, if not truly, homogeneous, and dry. The 
presence of fault structur~ at depth negates the first of these 
remaining assumptions. A fault at depth can be represented as a 
loading function on the bottom of the plate, directed in the 
direction of throw. If we assume a reverse fault dipping 60° NW 
at depth, the "push" is directed up and to the southeast. The 
largest component of this added stress is at the fault and dies 
away to the northwest by some attenuation function. The imposed 
stress on the base of the_ plate can be resolved into its shear and 
normal components. Qualitatively, the shear enables the material 
to yield on the schistosity planes (reduces effective L). The 
normal component provides an upward force to facilitate the 
upward disruption of the material. It can be represented 
mathematically as a loading term -q(x) on the right side of the 
buckling equation (4-5): 
(4-14) 
This is a fourth o.rder inhomogeneous partial differential 
equation which is very difficult to solve analytically. However, 
the mechanical implicatiOr)S of this equation may be addressed 
schematically by the superposition of two models -- a plate 
buckling with no external vertical stress plus a plate bending only 
under a vertical load (Fig. 4-5). Using an upward force that 
decreases linearly away from the fault, the displacement of the 
plate from just a normal uplift force is: 
v = (Qx2f6)(x3f20L + Lx2f4 +L2) (4-15) 
and greatest at the end of the plate. The uplift due to buckling is 
proportional to sin(nx/L) and is greatest at the center of the 
plate. It is clear that this normal force acts to increase the uplift 







v1 =A sin(x) v2 = Qx2t5 [(x3/20L) - (Lx/2) + (L2) ] 
Figure 4-5: Superposition of plate bending and buckling diagrams. Total vertical 
displacement equals displacement due to buckling plus displacement due to bending. 
4.6.2 Slip on Weak Misoriented Planes 
If the assumption of homogeneity of the schistosity is 
negated, some initial misalignment of the schistosity may 
produce a shear stress on the schistosity planes. The magnitude 
of the friction-dependent failure strength determines how much 
misalignment is needed for failure to occur. This can be 
calculated simply by figuring out the resolved shear stress on 
planes as they rotate. Sibson (1985, 1990) does this calculation 
to elucidate fault reactivation on misoriented pre-existing faults 
with a Byerlee friction coefficient of Jl = 0. 75. Jackson & Dunn 
(1974) tested foliated gneissic metagranites, and reported 
Byerlee-type friction coefficients (!1 = 0.6 to 0.8) .. However, their 
samples are of a higher metamorphic grade and much lower in 
modal percentage of mica than the schist. Brown (1975) and 
Perrin (1979) tested the frictional strength of the Otago Schist 
for the Clyde and Kawarau Dam investigations. They report a 
friction angle of 11 o (J..l = 0.2) for pre-existing fractures along 
schistosity planes, and a friction angle of 23° (J..l = 0.42) for 
initiation of new fractures along schistosity planes in mica-rich 
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schist. These values are plotted along with Sibson's J.l = 0.75 value 




1 Jl= 0.42 
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Figure 4-6: Graph of stress ratio required for fault reactivation vs. angle of 
cohesionless sliding plane to u1. For friction coefficients of ll = 0. 75 (Byerlee-type 
friction), 0.42, and 0.19. (after Sibson, 1985). At a stress ratio uc, across-
schistosity failure becomes more favourable than along-schistosity failure. 
The low friction angle on the micaceous planes of the schist 
enables slip to occur while the schistosity planes are still at 
very low angles to the principal compressive stress (Fig. 4-6). 
Reducing the value of J.l broadens the low point in the curve, the 
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point at which shear reactivation occurs at the lowest stress 
ratio. For 11 = 0.2, an abrupt increase in principal stress ratio 
needed for failure occurs at 1 oo to maximum compressive stress. 
For 11 = 0.4, this increase occurs at 15 to 20°. The misalignment of 
the schist on outcrop scale certainly falls in this range, 
especially to the south of the range, where a pre-folding 
eastward dip of 15° is inferred -(see Chapter 2). 
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CHAPTER 5 
GROWTH OF FOLDS 
A Mechanical Framework 
5.1 Stability of Deformation 
Once a fold instability has initiated, its growth into a 
range-sized fold is controlled by several aspects of. the material 
behaviour. It is usual in the upper crust for instabilities in 
massive, homogeneous rock to localise into a fault zone (Rudnicki 
& Rice, 1975; Ord & Hobbs, 1989; Hobbs et al., 1990; Ord, 1991). 
The instability generated by the horizontal compression of 
Central Otago has not localised, but has instead continued as 
distributed deformation. Biot (1965) indicates that an anisotropy 
(MIL) greater than 10 causes deformation to spread throughout 
the material, even if the initial perturbation is localised. The 
mechanisms by which localisation is prevented could include : (1) 
velocity-strengthening behaviour of the plasticity on the 
schistosity planes; (2) strain hardening behaviour of the system 
as a whole. These qualities ensure that the failure plane during 
each slip event is not the same as the one preceding it, but rather 
that the deformation is distributed throughout the material. 
5.1.1 Velocity Strengthening of Material 
Slip must be velocity strengthening over time for 
distributed plastic flow on schistosity planes to occur (Ruina, 
1983; Scholz, 1988). Velocity strengthening behaviour results in 
steady sliding, rather than stick-slip behaviour which softens one 
particular plane by shearing out asperities (Scholz, 1987). Scholz 
(1988) argues that clay-rich gouge is a velocity strengthening 
material because of its weakness and low friction. These are 
properties that are characteristic of the micaceous schist layers, 
indicating that they also may be velocity-strengthening. 
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Evidence for shear deformation and yielding on the 
schistosity planes may be found by looking at microstructures in 
the micaceous layers. Thin sections made from samples on the 
range front show some similar structures to those in the gouge 
described in Chapter 3, although less developed. In these samples, 
smaller mica flakes mantle the quartz rich-layers, as seen in the 
gouge (Fig. 5-1 a). Zones of more broken-up, crushed mica flakes 
occur within mica-rich layers, parallel to the edges of the layer 
(Fig. 5-1 b). Mica is also well aligned, often with kink bands 
within the micaceous layers, but it is unclear whether the 
alignments are metamorphic or post-metamorphic structures. 
Thus it would appear that many of the schistosity planes have 
been disrupted by brittle cataclasis, producing microstructures 
which indicate yield and plastic flow has occurred. 
b) 
~~~~~~~~~~ 
Figure 5-1: a) 25x photomicrograph of schist showing mica mantling quartz. b) 25x 
photomicrograph of schist showing shear zones of crushed mica (darker regions) in 
micaceous layers. 
5.1.2 Strain Hardening of System 
Strain-softening behaviour leads to shear localisation 
(Mandl, 1988). The fold system should strain-harden as 
deformation proceeds, thereby preventing localisation. 
With increasing deformation it becomes progressively more 
difficult to bend the package of rock. As the schistosity planes 
rotate, the normal stress across them increases, inhibiting slip. 
As a consequence, a multi-layer made up of many thin layers 
takes on a mechanical resemblance to a packet of fewer, thicker 
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layers (Jamison, 1992; Johnson & Page, 1976). In turn, this 
increases the effective bending stiffness/flexural rigidity of the 
material, introducing an element of strain hardening to the 
system as it deforms. 
Strain hardening may also occur due to dilatancy effects if 
the crust is fluid-saturated. As fractures occur in a shear zone, 
there is a volume increase of the bulk rock mass. This volume 
increase leads to a local decrease in fluid pressure (Pf), which 
increases the effective normal stress (crn') on the fracture, as crn' 
= (crn- Pt). The normal stress increase will tend to prevent further 
propagation of the fracture, and deformation will be distributed. 
(Sibson, pers. comm.). 
5.1.3 Slip Transfer 
Both velocity strengthening and strain hardening behaviour 
in the plasticity formulation will cause distribution of slip onto 
different schistosity planes. Furthermore, each time an episode of 
slip occurs on a plane, shear stress will be locally relieved on 
that plane but increased on the adjacent ones, further inhibiting 
localisation. Thus the deformation of the Otago Schist occurs 
throughout as bulk deformation rather than localising onto a 
discrete plane. 
5.2 Stages of Fold Growth 
Fold growth in the schist may be controlled by the relative 
ease of motion on the low-friction schistosity planes compared 
with motion on fractures which cross-cut the schistosity. Figure 
5-2 shows the stress ratio needed to reactivate a cohesionless 
fault as a function of the angle to the maximum compressive 
stress and the friction coefficient. Simply stated, for the range 
of friction coefficients reported by Brown (1975) and Perrin 
(1979), it requires a lower stress ratio to reactivate an along-
schistosity fracture than a cross schistosity fracture for angles 
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Figure 5-2: Graph of stress ratio required for fault reactivation vs. angle of 
cohesionless sliding plane to cr1 . For friction coefficients of 11 = 0. 75 (Byerlee-type 
friction), 0.42, and 0.19. (after Sibson, 1985), At a stress ratio crc, across-
schistosity failure becomes more favourable than along-schistosity failure. 
The mechanics of this are as follows: as planes originally 
parallel to cr1 rotate through a stress field, shear stress on them 
increases faster than the normal stress until they are at 45° to 
cr1. At angles greater than this, shear stress decreases and normal 
stress increases until the normal stress has such a "clamping" 
effect on the planes that the resolved shear stress is insufficient 
to overcome it. This point is referred to as "lock-up". When the 
schistosity planes reach "lock-up", motion on a more favourably 
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oriented plane with a higher friction angle occurs instead. 
Experimental work on this is presented by Price & Cosgrove 
(1990), in a summary of an unpublished Ph.D. thesis by Summers 
(1979). 
5.2.1 Softening and Hardening of Rotation 
Figure 5-2 shows that as the planes rotate, slip on them 
becomes easier until the most favorable orientation for a given 
friction coefficient. For 11 = 0.42, this orientation is about 35° to 
cr1; for 11 = 0.19, it is about 40°. Summers (1979), shows that the 
rate of rotation of layering on the limbs of the fold is mainly 
dependent on the anisotropy. A high anisotropy produces rapid fold 
growth, referred to as "rotational softening" (not to be confused 
with strain softening) until this most favorable slip plane angle 
is attained. 
For a highly anisotropic material, rotational "hardening", or 
slowing of fold growth, occurs soon after the peak growth rate 
has been reached. Slip continues to occur on the schistosity 
planes, however, until "lock-up" occurs. This happens when 
activation of a new Coulomb shear across schistosity becomes 
more favorable than slip on the planes : at point crc on Figure 5-2, 
corresponding to a schistosity tilt of almost 80°. At this point, 
the new shear oriented at ( 45-8/2) 0 to cr1 , or about 28° for 11 = 
0.75 will reactivate. If the new slip plane is not at this angle (as 
in Central Otago where steeper normal faults may have been 
reactivated), or if a favourably oriented thrust initiates in intact 
rock, rotation of the schistosity planes would proceed to even 
steeper angles before lock-up and faulting occurs. 
5.2.2 Lock-up and Faulting 
Further propagation of a previously existing fault will take 
place only after lock-up has occurred. The approximate geometry 
of this fault can be estimated from a consideration of the range 
as a fault-propagation fold (Suppe, 1985; Twiss & Moores, 1991 ). 
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Figure 5-3 shows an idealised geometry of the highest part of the 
range, cross section C of Chapter 2. The fold described by the 
schistosity is not an exact kink band, but can be approximated as 
a kink with an interlimb angle (I) of 140°. By Suppe's equation: 
2sec(8) - cot(8) = -cot(l) 
the dip of the fault (8) should be 37° and extend to a decollement 
at 8.5 km depth, if it is the fault we see at the surface. The part 
of the range with the steepest schistosity, cross-section 8 of 
Chapter 2, has an interlimb angle of 95°, implying a. fault angle of 
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Figure 5-3: Analysis of schistosity fold as a fault-propagation fold for transect C. 
I is the interlimb angle, e is fault dip. View is equivalent to a cross section looking 
NE, along the range crest. 
This fault angle is inconsistent with the theory that the 
range is bounded by Cretaceous high angle normal faults 
reactivated as reverse faults, though it is consistent with the 
sinuous trace of the possible scarps near Middlemarch, as 
discussed in Chapter 3. It is possible that the faults have been 
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rotated to lower angles through folding. However, the fault-
propagation model does not provide for the formation of gentle 
synforms, such as the one seen in the Strath Taieri (Fig. 3-13). 
5.3 Effects of Scale on Fold Growth 
The above discussion of folding mechanisms has been scale 
independent. Several important additional stress effects are 
negligible at mesoscopic scales, but may be important on the 
scale of the ranges. These include the effects of gravity and fluid 
pressure on fold initiation and growth. 
5.3.1 Gravity Body Forces 
The most important effect that must be considered 
specifically for large scale folds such as the Central Otago 
Ranges is the effect of gravity body forces. Assuming the folds 
are growing upward from an equipotential surface, gravity is a 
downward force opposing uplift and damping the growth of folds. 
This force can be represented as a positive additional term on the 
right side of Equation 4-14. Qualitatively, it requires a larger 
push from below or a larger misalignment of the planes to 
initiate motion. 
Price & Cosgrove (1990) present a simple quantitative 
analysis of the effects of gravity on the growth of a fold by 
assessing a hinged bar being folded upward (Fig. 5-4). By a 
moment-balance argument, they show that the downward stress 
produced by gravity is proportional to cot(8), where (8) is the dip 
of the bar. It can be seen that as (8) increases from a small initial 
imperfection, the stress due to gravity decreases rapidly. This 





Slenderness Ratio - R 
a 
1 
W= 2L·ap (p=wtjwzitvol) 
F 
/ 
Fulcrum point ( ) 
w 
Figure 5-4: Geometrical analysis of effect of gravity on fold growth (from Price & 
Cosgrove, 1990). 
5.3.2 Fluid Pressure 
Until now it has been assumed that the crust is dry. In fluid-
saturated crust with a uniform hydrostatic fluid pressure 
gradient, two effects may facilitate folding. The first is a 
buoyant effect reducing the effective body weight of the rock 
mass (Price & Cosgrove, 1990), thereby countering the damping 
effects of gravity described above. The second follows from the 
first: in reducing the effective weight of the rock mass, the 
effective normal stress across the schistosity planes is reduced. 
This allows easier flexural slip on the schistosity planes, 
favouring plastic behaviour. Martinod & Davy (1992) found that 
increasing the fluid pressure to hydrostatic in their numerical 
models caused buckling of the upper, perfectly plastic crust to be 




A Finite Difference Simulation of Fold Growth 
6.1 FLAC Capabilities 
Computer modelling was undertaken to evaluate the effect 
of different initial perturbations on the growth of the range. 
Modelling was done by -FLAG (Fast Lagrangian Analysis of 
Continua, version 3.0; Itasca, 1991), a finite difference code. This 
program was developed for application to geological engineering 
problems: mine shafts, tunnels, slope stabilization, etc. However, 
it is general enough to be useful in modelling larger scale 
problems in geomechanics, and has been used by Hobbs & Ord 
(1989) and Ord (1990) to model strain-softening and -hardening 
plastic deformation. The finite difference code analyses only 2-D 
plane strain models, and provides a simple algorithm and fast 
running times, as compared to bulkier finite element models. 
Modelling in FLAC involves several steps: (1) material 
properties are defined; (2) a grid of the proper shape is set up; (3) 
appropriate boundary and ~nitial conditions such as a gravity load 
are applied; (4) a differential load is applied over a number of 
time steps. The progressive deformation, stress, strain, particle 
velocities, yield state, and other parameters of interest are 
recorded and may be viewed graphically. 
FLAG proved to be most useful for modelling growth rather 
than initiation of structures, because it can not model instability 
very well. It does come to numerical instability in some cases. 
For simple situations, such as a velocity load imposed on the end 
of a pin-jointed elastic column, numerical instability occurs at 
the same finite stress as a mechanical instability (i.e. at the 
Euler buckling stress). In general, however, there is no 1 :1 
correspondence between mechanical and numerical instability in 
FLAG. Therefore, the modelling done in this study represents 
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growth of fold structures resulting from either motion on a fault 
at depth or an initial imperfection in the material, as described in 
Chapter 4. These models do not represent buckling, but rather the 
amplification of a perturbation. The input files used, and results 
obtained, are discussed below. Relevant input files are compiled 
and presented in Appendix A. 
6.2. Models 
6.2.1 Material Parameters 
FLAG has several built-in material models representing 
materials with time-independent stress-strain relations. They 
are: elastic; transversely anisotropic elastic; Mohr-Coulomb 
plastic (i.e. a frictional-plastic material subject to yielding at Ty 
= !l<rn' + co, where Ty is the yield shear stress, ll is the coefficient 
of friction, crn' is the effective normal stress, and co is the 
cohesion); strain softening or hardening plastic; and ubiquitous 
joint. (A time-dependent creep material model is available as an 
extra program module). Of these, elastic and ubiquitous joint 
were used. Each requires input of slightly different material 
parameters as follows: 
1) Elastic. Required parameters are .bulk modulus (K = E/3(1-2v)), 
shear modulus (G = E/2(1 +v)), and density, where E = Young's 
Modulus and v = Poisson's Ratio. 
2) Ubiquitous "joint". This models the material as a Mohr-Coulomb 
solid with pervasive planes of weakness oriented in a given 
direction. (These are called "joints" by FLAG, but are actually 
planes of weakness or fracture surfaces, if joints are strictly 
tensional features [Engelder, 1987]. Therefore, when referring to 
the ubiquitous "joints" in models, I use quotation marks). Required 
parameters are as for the elastic model, plus internal friction 
angle, cohesion, dilation angle, and tensile strength for the rock 
mass. In addition, the properties of the "joints" required are : 
"joint" cohesion, "joint" friction angle, "joint" tensile strength, 
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and "joint" angle (measured ccw from the x-axis). Deformation 
proceeds by either shear and/or tensional failure along the 
"joints" or failure of the material. 
The values used in all models, with exceptions as noted, are 
those reported in the studies for the Kawarau and Clyde Power 
Projects, and Read et al. (1987). These are as follows: density, p = 
2700 kgfm3; bulk modulus, K = 37 GPa; shear modulus, G = 20 GPa; 
friction angle, e = 30° (corresponding to J1 = 0.6); cohesion, co = 2 
MPa; tensile strength = 1 MPa (this is not reported, but estimated 
as 1/2 the cohesion [Jaeger & Cook, 1976]); "joint" friction angle, 
e = 11° (corresponding to J1 = 0.2); "joint" tensile strength = 0; 
"joint" cohesion = 0. "Joint" angle varies as discussed below. 
The dilation angle for the schist was not reported, but I 
have used the same value as the internal friction angle. This 
identity defines associated plasticity (Drucker's stability 
postulate [Drucker, 1959, as cited in Mandl, 1988]). Rice (1976) 
shows that for a frictional material, associated plasticity is not 
applicable, because it implies no work done in deformation. There 
are many published discussions on the appropriate dilatancy 
values for real rocks (Rice, 1976; Vermeer & de Borst, 1984; 
Hobbs et al., 1990). In this study, however, plastic deformation of 
the material apart from simple, non-dilatant shear on the 
schistosity planes is expected to be minimal. Therefore dilatancy 
effects are not expected to greatly affect the total deformation 
of the model. 
The material which appears to best represent the schist is 
the ubiquitous "joint" material model, with the mica-rich layers 
as pervasive planes of weakness. A problem encountered with this 
model ties to the discussion in Chapter 4 of elastic plates. A 
Mohr-Coulomb material does not transmit stresses well across 
long distances, for example from the edge of the plate (where the 
load was imposed) across to the centre. This problem was 
addressed in two different ways. (1) In the fault analyses, an 
elastic layer at depth was included to transmit stresses, overlain 
by a ubiquitous "joint" material. (2) In some models representing 
schistosity misalignment, the failure envelope for Mohr-Coulomb 
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failure was put artificially high and the material stiffened (the 
elastic moduli increased) to transmit stresses. 
6.2.2 Grids 
Each grid is 20 elements long by 10 elements deep, each 
element representing 1 km2. Two basic grid configurations were 
developed, one representing a fault at depth, the other an initial 
misalignment of the schistosity planes. Several variations and 
combinations of these were used. 
Faults were constructed individually by the interface option 
of FLAG. This function of the program allows the formation of an 
interface between two bodies of rock, and requires properties for 
it such as that of a fault or joint (friction angle, cohesion, shear 
and normal stiffnesses, and tensile strength). Interfaces may also 
be "glued", allowing no slip or separation. Two versions of a fault 
at depth were constructed: (1) a reverse fault dipping 58° (Fig. 6-
1 a, file f58ubel.grv in Appendix A), and (2) a thrust fault dipping 
32° (Fig. 6-1 b, file f32ubel.grv in Appendix A). The depth below 
the "surface" to which faulting penetrated varied from 3 to 5 km. 
The grid representing misalignment of schistosity was 
constructed by changing the "joint" angle in the ubiquitous "joint" 
material model. A three element wide zone of "joints" dipping at 
15° was set up in the middle of the grid (Fig. 6-1 c, file kink15.grv 
in Appendix A). This represents the actual initial dip of 
schistosity in the southern parts of the Rock and Pillars (see 
Chapter 2). 
Finally, a combination of these initial configurations was 
used. This was constructed as misaligned schistosity planes 
overlying a faulted elastic layer (Fig. 6-1 d,e). An attempt to 
represent the initial perturbation as a sinusoidal disturbance of 
the entire layer failed, as the program does not allow the x-axis 
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Figure 6-1: Initial grid configurations. a) 3 km. thick layer of ubiquitous "joint" 
material overlying elastic layer with a 58° dipping reverse fault. b) 3 km. thick 
layer of ubiquitous "joint" material overlying elastic layer with a 32° dipping 
thrust fault. c) 1 0 km thick layer of ubiquitous "joint" material with zone of 
misaligned "joints" in center. d and e) Combination grids of 3 km thick layer of 
ubiquitous "joint" material overlying faulted elastic layer. d) Misaligned joints 






6.2.3 Boundary and Initial Conditions 
Once the grid is set up and the material parameters 
specified, an initial gravity load is applied to simulate a 
lithostatic stress state. The edges of the grid were prevented 
from motion in the x-direction, the bottom prevented from motion 
in the y-direction, and gravity was set at 9.81 mfs2. The program 
then solves for stresses based on the density of the material. crxx 
and cryy vary linearly from 0 at the surface to 270 MPa at 10 km 
depth. 
6.2.4 Loading 
Compressive loading was accomplished by means of a 
velocity load on the ends of the grid. The fault models were 
loaded on the left edge, and fixed at the right edge (File f58th.lod, 
file f32th.lod; Appendix A). The kinked models were loaded from 
both ends to more effectively transmit stresses (File vel2stf.lod, 
Appendix A). A compression rate of 1 metre per time-step was 
used for 600 time-steps, with intermediate grid evaluation 
occurring at 200 and 400 time-steps. At this rate of deformation, 
each time-step represents 104 a for the observed total 
deformation to occur in 6 Ma. Beanland & Berryman (1989) 
estimate a repeat time of about 1 o4 a for episodes of activity on 
the Pisa-Grandview Fault to the west, so this is a geologically 
reasonable time-step size. 
6.3 Results 
Many variations in grid, material models and loading were 
run. The combinations of parameters which produced the most 
successful results are discussed below. A successful run is 
judged by how comparable the deformation of the model is to 
observed features of the range. Factors considered include : (1) 
asymmetry of the deformed shape; (2) magnitude of uplift; (3) 
lateral (east-west) growth of the range; (4) whether slip 
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occurred on the schistosity planes; (5) amount of Mohr-Coulomb 
failure in the material. Each model predicted some of these 
features better than others. Crashing of the program due to large 
deformation of the elements after about 400 time-steps was a 
frequent problem. Therefore, some runs produce smaller scale 
deformation than the actual range size today, but comparable in 
shape. This can be seen as representing an earlier time in the 
growth process. 
6.3.1 Reverse Fault 
Good results were achieved with three km of ubiquitous 
"joint" material overlying a 3 km thick elastic layer with a 58° 
reverse fault in it. Asymmetric uplift occurred above the fault 
(Fig. 6-2a). The magnitude of uplift was about 300 m for 400 
time-steps. If each time step represents 104 a, this rate of uplift 
would produce a 1 km high range in 13 Ma. This timespan 
corresponds well with the age for the onset of compression in 
Central Otago (Adams, 1981 ). The zone of uplift was about 10 km 
wide. This is narrower than the ranges today, but the width of the 
deformation zone grows as the amplitude increases. The "joints" 
rotated from flat lying to nearly vertical on the steeper limb of 
the fold (Fig. 6-2b). This rotation mimics the schistosity seen on 
the front of the range, which is steeper than the topography. 
Plastic failure along the schistosity planes occurred almost 
everywhere in the upper layer (Fig. 6-2c). Mohr-Coulomb yield 
occurred only in a few elements close to the edges of the model, 
which may be attributable to edge effects. If the fault were to 
propagate into the upper layer, more widespread yielding in the 
upper layer above the fault would be expected. 
Increasing depth of faulting to 5 km resulted in less uplift 
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Figure 6-2 : Deformation features of grid with reverse fault (Fig 6-1 a). a) Grid 
deformation. b) "Joint" rotation (corresponds to schistosity rotation). 
mode indicator (most elements show slip on "joints"). 
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c) Failure 
6.3.2 Thrust Fault 
For a 32° dipping thrust fault at 3 km depth, results similar 
to those for a reverse fault were obtained. The surface uplift was 
less symmetric, smaller in magnitude (about 200 m for 370 time-
steps), and occurred over a slightly wider zone than for the 
reverse fault (Fig. 6-3a). This model produced a fold shape more 
like the schistosity fold than that produced by a reverse fault 
model. This concurs with the analysis of the folds as fault-
propagation features (Chapter 5, Section 5.3.3), which predicts a 
low angle fault at depth. Again the fold defined by the "joints" had 
a steeper forelimb than the topographic fold (Fig. 6-3b). 
The failure modes of the model were similar to those in the 
reverse fault model (Fig. 6-3c). Slip on the schistosity planes 
occurred in most of the elements, with tension failure occurring 
in elements near the crest of the uplifted region. 
Increasing the depth of faulting to 5 km resulted in smaller 
uplift magnitude and greater symmetry. More tensile failure 
occurred in the uplifted zone. 
6.3.3 Kinked Grids 
The main shortcoming. of the kinked grids was the inability 
of the ubiquitous "joint" material to transmit stresses, as 
discussed above. This problem was circumvented by stiffening the 
Mohr-Coulomb material. This precludes a valid study of failure 
modes, because failure is constrained to occur on the "joints". 
Uplift occurred by slip on the schistosity planes to a magnitude of 
918 metres at 500 time steps. The width of the uplift zone grew 
over time by rotation of the "joints" to 9-10 km wide (Fig 6-4a-
c). This deformation is faster and narrower than that observed in 
the faulted models. 
Asymmetry developed on the west side of the grid rather 
than the east (Fig. 6-4c). A possible interpretation is that the 
schistosity misalignment is responsible for the steep back of the 
range in the south and fault-propagation folding is responsible for 
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Figure 6-3 : Deformation features of grid with thrust fault (Fig. 6-1b). 
deformation. b) "Joint" rotation (corresponds to schistosity rotation). 
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Figure 6-4 : Progressive deformation 
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6.3.4 Combination Grid 
Two combination grids were investigated, one with a 
reverse fault under 3 km of ubiquitous "joint" material, the other 
_ with a thrust fault at the same depth. Both resulted in deformed 
configurations resembling superposition of the deformed fault 
and kink grids (Fig. 6-Sa,b). An 11 km wide zone of uplift with 
steep sides and a flat top was produced. The magnitude of uplift 
was about 200 m for 400 time-steps. Both slip on the "joints" and 
tensile failure of material near the top of the uplifted zone 
occurred. 
6.4 Summary 
FLAG is not ideal for modelling large deformations, because 
it crashes for large element distortions. However, up to that 
point, it represents well the deformation observed in the field. 
The results achieved with this modelling imply that deformation 
in the Rock and Pillar Range is primarily driven by faulting at 
depth. In the northeast, this produces a strongly asymmetric fold. 
In the southwest, the fold shape is also controlled by the initial 
misalignment of the schistosity planes, producing a range with 
steep sides and a flatter top. These models also show that 
deformation takes place primarily by slip on the schistosity 
planes, and that Mohr-Coulomb failure at orientations cross-
cutting schistosity is a minor part of the total deformation. 
77 
-
JOE>ITLE : •1e3 




1.871!:+03 <X< 4.112E+03 -




------I'" - ~ 1/j .40 
.00 
-.40 
Deporllent of Geology 
Unlvei!r; of Otago, NZ 
2.00 2.40 2.80 3.20 3.60 4.00 
•1e3 
JOB TITLE : •1e3 





1.868E+03 <x< -1-.112E+03 









Deportment of Geology 
University of Otago, NZ 
2.00 2.40 2.80 3.20 3.60 4.00 
•1eJ 
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CHAPTER 7 
DISCUSSION AND CONCLUSIONS 
Mechanical Concepts and the Rock and Pillars 
In the preceding chapters, I have presented a body of 
evidence showing that the Otago Range and Basin comprises a 
series of NE-SW trending folds with a wavelength of about 25 km. 
The empirical evidence is supported by a mechanical framework 
for the formation of range-size folds on or near the surface, given 
material with appropriate anisotropic properties. In this chapter I 
draw together range structure and mechanics and consider the 
implications for regional tectonics. I also compare this work with 
other studies, offer my conclusions, and propose topics for 
further study. 
7.1 Geomorphology and Mechanics 
7.1.1 Range Shape and Fold Types 
The shape of the Rock and Pillar Range provides a guide to 
the folding mechanism. In the northeast, where schistosity was 
flat-lying prior to deformation, the range is a smooth, 
asymmetric fold (Fig. 7-1 ). In the southwest, where schistosity 
originally dipped 15° eastward, the range resembles a double kink 
band, with steep flanks and a slightly domed top (Fig. 7-2). This 
morphology suggests that the folding in the south had a 
component of Type 2 Biot folding, or kinking. As mentioned in 
Chapter 4, Price & Cosgrove (1991) indicate that this occurs in 
analog experiments when the material is non-orthotropic because 
of a dip in the layering. Folding in the northeast, where the schist 
was orthotropic, appears to have taken place with a larger 
component of, or entirely by, Type 1 folding. 
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Figure 7-1: Smooth folding of peneplain at the northern end of the Rock and Pillars. 
View is to the NE. 
Figure 7-2: Steep back and domed top of the southern Rock and Pillar Range. View is 
to theSE. 
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7.1.2 Taieri River 
If initiation of folding was accomplished through initial 
misalignment of schistosity planes, folding began in the southern 
part of the range, where the schistosity to peneplain angle was 
greatest. The folding then propagated northward as the fold 
amplified. This model is supported by the drainage pattern of the 
Taieri River (see Fig. 2-1 ). The headwaters of the Taieri are in the 
southern Rock and Pillars and drain northwestwards onto the 
upper Taieri plain. The river then flows northeast to the northern 
end of the range, where it turns around the range head and flows 
south. This flow pattern suggests that eastward drainage of the 
Taieri was forced into its present course by the growing range. 
7.2 Folding, Faulting and Range Growth 
The predominant mode of deformation in the growth of the 
Otago Ranges is folding. However, some faulting is present. Thus 
the question arises of the relative timing of fault and fold 
structures, both in an individual range and among the different 
ranges. 
7.2.1 Fault-Fold Relations Within Ranges 
The relationship of faurting to folding within one range can 
be considered in terms of rotational hardening and "lock-up" as 
described in Chapter 5. Faulting becomes the favoured mode of 
deformation at "lock-up", when the slip between schistosity 
planes becomes more difficult than the activation of a new fault 
across layering. Because of the low friction coefficient for 
interlayer slip, "lock-up" occurs at a fairly steep schistosity dip. 
In the Rock and Pillar Range, evidence for faulting is. found under 
the highest parts of the range where the schistosity dip is steep 
to vertical (see Fig. 3-1 ). This is consistent with the observed 
structure near Middlemarch being a low angle, small displacement 
fault which accommodates mostly horizontal crustal motions 
after II I o c k-up II. 
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Two possibilities exist for the nature of the faults at depth: 
(1) The faults control the fold growth (the ranges are fault-
propagation folds) and propagate upward through the forelimb of 
the fold after lock-up. This would imply the existence of discrete 
"master" faults at depth; (2) The foldir:~g controls the faulting, and 
the faults are bending moment folds which originate only after 
"lock-up". Discriminating between these possibilities is difficult 
from the surface evidence, but could be determined by a seismic 
reflection survey. In the Dunstan Range, Beanland et al. (1986) 
favor the first possibility, because the observed faults are not in 
regions of maximum curvature (and therefore maximum 
compressive stress) in the basins, but -rather at the foot of the 
range. 
7.2.2 Fault-Fold Relations Among Ranges 
The ranges developed either serially or concurrently. 
Mechanically, the former implies that the upper crust in Central 
Otago is a single plate above a decollement at depth, like a carpet 
bunching if you push on one end. The Zagros Mountains in southern 
Iran are interpreted as having formed serially above a low 
strength salt detachment. (Shearman, 1976; see below). The latter 
implies each range is fault-bounded and behaving like a separate 
plate under- compression. 
If they developed serially, from west to east, it would 
suggest that the folds grow until lock-up, and minor faulting 
occurs. Folding deformation of the next range then becomes active 
as the main shortening mechanism in Central Otago. Evidence 
suggesting this mode of formation is the absence of historical 
activity on the NE-SW trending Central Otago faults. However, the 
furthest east of this set of faults, the Akatore Fault on the east 
Otago coast, is Holocene active. This may indicate that the 
Central Otago faults are not currently active, but that active 
deformation is being transferred to the east as the structures 
grow. 
If the ranges developed concurrently, it would suggest that 
the ranges with the steepest schistosity dip are now 
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accommodating shortening on the faults, while the ranges that 
have not yet reached "lock-up" are still folding. Evidence 
supporting this possibility comes from reports of Holocene 
activity (at about 10 ka) on the Dunstan Fault (Bean land et al., 
1986). This fault lies at the southeast foot of the Dunstan Range, 
where the schistosity dip steepens to 80° or 90° from close to 
flat-lying at the range crest (Beanland et al., 1986). If the ranges 
developed serially, the Dunstan Range, lying well to the 
northwest, should by now be extinct. The fact that the fault 
system along the Dunstan range-front appears to be one of the 
more active structures suggests that this range may in fact still 
be growing, and that the ranges are generally growing 
concurrently. Furthermore, faults arising from a serially 
propagating decollement would all dip in the same direction, yet 
some the Central Otago faults dip southeast rather than 
northwest. 
The distinction between these two range growth scenarios 
is clearly important from the viewpoint of earthquake hazard. To 
distinguish between them, detailed work on the source of the 
alluvial sediments in the basins is required. If the ranges 
developed concurrently, the sediments would be shed equally from 
both bounding ranges. Serial development would lead to a basal 
unit shed from the west, and then small amounts of material shed 
from the east as the next r8:nge grew. 
7.3 Structure, Tectonics and Mechanics 
7.3.1 Regional Stresses 
Folding involving NW-SE shortening has occurred in response 
to regional compressional tectonism. The structural features of 
the range provide information about the growth of the folds and 
the orientation of local stress field. Figure 7-3 summarizes 
stress and structural information. It shows penetrative lineation 
trends, fold axis trends, range trends and stress orientations on a 
stereonet. The plate motion convergence azimuth is 084° (Chase, 
1978). Enever & Wooltorton (1984) report an in situ cr1 at Clyde 
83 
(measured by hydrofracturing methods) of 23-24 MPa at an 
azimuth of 105° to 133°. Blick (1984) also reports an average 
compression axis of 133° at Ranfurly from geodetic strain 
measurements. The local cr1 is roughly perpendicular to the trend 
of the range crests. However, it is not perpendicular to the 
schistosity fold axes, as noted in Chapter 2, suggesting there may 
be another internal control on the folding of the schist, perhaps 
the existence of a strong linear fabric. 
N 
+ Schistosity fold axes 
• Lineation trends 
• Trend of range crest 
0 Principal compression direction 
(Blick, 1984) 
) Principal compression direction (Enever & Wooltorton, 1984) 
A Trend of Alpine Fault 
0 Plate convergence vector 
(Chase, 1978) 
Figure 7-3: Equal angle stereonet summarizing Rock and Pillar Range structural 
information. 
7.3.2 Lineations and Folding 
The pervasive lineation defined by quartz rodding appears to 
partly control the strike of the axial plane of the schistosity 
folds. Thi.s internal control probably accounts for the schistosity 
folds not being aligned with the range axis. Cobbold & Watkinson 
(1981) show that compression of a material reinforced with rods 
causes it to form folds whose axes are not perpendicular to cr1, 
but are skewed toward the orientation of the long axis of the 
rods. They state that for "compression at an angle between 45° 
and 90° to the rods ... fold axes are always within 20° of the 
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rods." This appears to be happening in the Rock and Pillars, where 
the average lineation trends at about 20° to the schistosity fold 
axes (Fig. 7-3). This is also evident in the Raggedy Range, where 
the schistosity fold axis strikes only slightly more easterly than 
the lineation direction. This suggests these fold structures are 
internally controlled by the lineation as well as externally by the 
stress field. 
The Cobbold & Watkinson analysis indicates that the 
maximum compressive stress need not be perpendicular to the 
fold axis. Oblique compression with a significant shear couple 
parallel to the folds could still produce the observed fold 
structures. 
7.3.3 Lateral Deformations 
The large-scale tectonics of the South Island are dominated 
by oblique movement across the Alpine Fault. However, the 
principal horizontal compression reported at Clyde (Enever & 
Wooltorton, 1984) and Ranfurly (Blick, 1984) trends close to 
perpendicular to the main compressive topographic structures. 
This suggests that the structures in Central :Otago are mainly 
compressional features, with only a minimal amount of strike-
slip or lateral deformation. Ho.wever, there have been no specific 
assessments of the amount of strike-slip deformation on these 
structures, and no strike-slip component has been recognised on 
the range-bounding faults. 
7.4 Comparative Studies 
Studies having some bearing on the Rock and Pillar Range 
include: 
1) Studies of other Central Otago ranges which show some 
folding, and observations of the Otago Schist elsewhere. 
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2) Studies of large scale crustal folds existing elsewhere in the 
earth, some of which are judged to result from buckling 
processes. 
3) Analog experiments which show examples of bulk, distributed 
deformation. 
7 .4.1 Other Central Otago Ranges 
Further support for the conclusion that folding is the 
dominant mechanism of uplift of the Rock and Pillars comes from 
comparison with studies of other ranges in Central Otago. The 
Dunstan Range is the best studied of these because the Clyde 
Power Project demanded information about earthquake hazards. 
McSaveney (1992) has shown warping of glacial gravels in the 
Cromwell gorge related to the uplift of the Dunstan range. Here a 
fault, the Fish Creek Fault, is inferred at depth, and the folding 
seen in the gravels is considered to be a fault-propagation fold. 
Walcott (1988) concluded that further south in the Dunstans, 
folding is the dominant deformation mechanism of the range. 
Evidence of a low effective flexural rigidity for the Otago 
Schist comes from flexure of the peneplain at the northern 
boundary of Central Otago. The Waihemo fault is the controlling 
structure for the uplift of the Kakanui Range. It is a NW-SE 
trending reverse fault with up to 1000 m of throw (Mutch, 1963). 
The uplifted range can be represented as a downward load on the 
edge of a plate consisting of Otago Schist. The effective elastic 
flexural rigidity needed to produce the observed bending can be 
calculated (see Appendix B for calculations). A reduction of 2 
orders of magnitude from the laboratory value is needed, just as 
for the buckling of the ranges. 
7 .4.2 Other Crustal Fold Structures 
Large scale folds with dimensions comparable to the Otago 
Range and Basin structures have been described elsewhere in the 
world. The Zagros Mountains of southern Iran appear to be range-
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sized folds, up to 80 km long and 3000 m high. They have formed 
by flexural slip folding of a sequence of limestones, sandstones, 
and clays (Shearman, 1976). These folds have developed serially 
and represent a layer above a salt decollement. 
However, folds in crystalline rock are rarer than those in 
sedimentary strata. There is a possibility that the Laramide 
basement uplifts in the Western US. may be macroscopic folds. 
The San Rafael Swell in Utah can be clearly seen on seismic 
reflection (COCORP) lines to be a macroscopic fold of 1/2 
wavelength of 50 km and amplitude 1.5 km (Allmendinger et al., 
1986). However, the formation of this structure has not been 
studied. 
Large-scale structures in the Northern Indian ocean appear 
to be lithospheric folds. McAdoo & Sandwell (1985) identified 
these structures as elastic buckles. They conclude that folding of 
the lithosphere is controlled by an elastic core sandwiched 
between an upper brittle layer and a viscous lower layer. Zuber 
(1987) models these same structures as either viscous buckles or 
plastic barrels (symmetric bulk thickening of the layer). Bull et 
al. (1992) conclude that they are true buckles of the upper, 
perfectly plastic layers of ocean crust. 
7 .4.4 Analog Experiments 
Sandbox models have been used to predict the localization 
of deformation in plastic materials (i.e. Hubbert, 1951 ). In the 
early stages of these experiments, folds form on the surface by 
volume strain, or dilatancy which is distributed throughout the 
material. Fault propagation at depth amplifies these folds before 
the fault breaks through to the surface. This may be analogous to 
Central Otago, if the ranges represent early stages of fault-
propagation folds. 
Boerner & Sclater (1992) designed a study to provide an 
understanding of the grain-size level extensional deformation in 
sandboxes. They scaled the sandbox up and idealized the grains as 
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steel balls. They found localization only when the balls were in a 
close packed arrangement. Otherwise, bulk deformation occurred. 
7.5 Conclusions 
• Folding is the predominant mode of deformation of the Rock and 
Pillar Range. 
• The schistosity and peneplain surface have been folded to 
produce the topography through flexural slip folding, with slip 
distributed across many weak schistosity planes. 
• The Hyde Fault is not a major through .going fault on the surface 
with 1000 metres of throw. Its probable dip at depth is 27°-36°. 
• The Otago Schist can be represented mechanically as a material 
which responds elastically to compression but plastically to 
shear stress. 
• Initiation of folding was accomplished through fault 
propagation, an initial misalignment of schistosity planes, or 
most probably through some combination of these. 
• The axes of the schistosity folds are controlled partly by the 
regional far-field tectonic stress and partly by the anisotropy 
imposed by the strong linear component to the fabric. 
• The folds represent permanent deformation, not elastically 
supported structures, implying a relaxed stress state and low 
long-term crustal differential stresses. 
7.6 Suggestions for Further Study 
There is much scope for further study in the topics touched 
upon in this thesis. Problems in regional geology that still may be 
addressed include : (1) a reliable map of the peneplain surface, 
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which could be constructed with new beryllium dating methods 
(McSaveney, 1992); (2) an understanding of the surface and at-
depth faulting of Central Otago, including earthquake hazards and 
microseismic information. 
In the field of mechanics and rheology, recent workers are 
increasingly recognising that the upper crust is not adequately 
represented by elastic plate models. Further mechanical analyses 
should address the following points: (1) plasticity has to be taken 
into consideration as a mechanism for major permanent 
deformation; (2) many rocks are not isotropic, but have preferred 
orientations for deformation; (3) plastic deformations imply 
lower long-term stress levels in the crust than elastic 
deformations; (4) a long time scale may prove to weaken the 
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APPENDIX A 
FLAC INPUT FILES 
The first three input files set up the grids and apply an 




m ub i=1,40 j=6,10 
prop sh=2e10 bu=3.7e10 de=2700 fri=30 coh=2e6 tens=1e6 di=30 
prop jcoh=O jtens=O jfric=11 janqle=O 
m e i=1,40 j=1,5 
prop dens=2700 bu=3.7e10 sh=2e10 
m n j=5 
m n i=30 j=1,5 
gen 0,0 0,500 3000,500 2700,0 i=1,30 j=1,5 
gen 0,500 0,1000 4000,1000 4000,500 i=1,41 j=6,11 
gen 2700,0 3000,500 4000,500 4000,0 i=31,41 j=1,5 
int 1 aside from 30,1 to 30,5 bside from 31,1 to 31,5 
int 1 glue kn 2e10 ks 2e10 
int 2 aside from 1,5 to 30,5 bside from 1,6 to 30,6 
int 2 glue kn 2e10 ks 2e10 -
int 3 aside from 31,5 to 41,5 bside from 30,6 to 41,6 
int 3 glue kn 2e10 ks 2e10 
set grav=9.81 
fix y j=1 
fix x i=1 
fix x i=41 









m ub i=1,40 j=4,10 
prop sh=2e10 bu=3.7e10 de=2700 fri=30 coh=2e6 tens=le6 di=30 
prop jcoh=O jtens=O jfric=11 jangle=O 
me i=1,40 j=1,3 
prop dens=2700 bu=3.7e10 sh=2e10 
m n j=3 
m n i=30 j=1,3 
gen 0,0 0,300 3000,300 2500,0 i=1,30 j=1,3 
gen 0,300 0,1000 4000,1000 4000,300 i=1,41 j=4,11 
gen 2500,0 3000,300 4000,300 4000,0 i=31,41 j=1,3 
int 1 aside from 30,1 to 30,3 bside from 31,1 to 31,3 
int 1 glue kn 2e10 ks 2e10 
int 2 aside from 1,3 to 30,3 bside from 1,4 to 30,4 
int 2 glue ~n 2e10 ks 2e10 
int 3 aside from 31,3 to 41,3 bside from 30,4 to 41,4 
int 3 glue kn 2e10 ks 2e10 
set grav=9.81 
fix y j=1 
fix x i=1 
fix x i=41 
* 











FIFTEEN DEGREE KINK IN CENTER 
* generate grid, totally square and blah 
gens 0,10000 20000,10000 20000,0 
* *ubiquitous joint model properties 
prop sh=2~10 bu=3.7e10 de=2700 fri=30 ~oh=2e6 tens=1e6 di=30 jfric=30 
prop jangle=O jcoh=O jtens=O 
* 
*put different properties for a region in the middle (rotate joints) 
prop jangle=-15 i 10 12 j J 10 
*set grav 
*initial stress, fixed boundary restraint 
*fix right edge and bottom, leave top and bottom free for now 
* 
set grav=9.81 
fix y j=1 
fix x i=1 
fix x i=21 
* 
*bring system to initial equilibrium 
* 
step 100 . 
*re initialize to zero 
* 
*ini xdis=O ydis=O 






ini xdis=O ydis=O 
m n i=1,20 
m n j=9,10 
set large 
int 1 unglue kn =1e9 ks=1e9 
attach aside from 21,5 to 30,5 bside from 21,6 to 30,6 
ini XV 1 i=21, j=1,5 
*this is 1m of motion per 1000 years timestep 
fix x i=21 j=1,5 
free x i=21 j=6,11 
fix x y i=31,41 j=1,5 
free y i=21,30 j=l 
hist unbal 
step 100 
5) f32th .lod 
C:\FLAC>type f32th.lod 
ini xdis=O ydis=O 
m n i=1,20 
m n j=7,10 
set large 
int 1 unglue kn =1e9 ks=1e9 
attach aside from 21,3 to 30,3 bside from 21,4 to 30,4 
ini XV 1 i=21, j=1,3 
*this is 1m of motion per 1000 years timestep 
fix x i=21 j=1,3 
free x i=21 j=4,11 
fix x y i=31,41 j=1,3 






*THIS IS A VELOCITY LOAD FOR MISALIGNED BOTH ENDS 
* 
*first reset displacements to 0 
init xd=O 
init yd=O 
*now give it a very stiff bulk and shear modulus, a~d hi 
*fric so its rigid 
prop bu=le14 sh=1e14 fric=89 
*then give the joints the proper properties 
prop jfric=11 
*now set large 
set large 
*now apply a fixed velocity to both edges 
ini ·XV=1 i=1 
ini xv=-1 i=21 
fix x i=1 
fix x i=21 
*this velocity is 1m per timestep, 10-3 a per ts, 
his unbal 




FLEXURE OF THE PENEPLAIN BENEATH THE WAIHEMO 
FAULT : Further Evidence for Low Flexural Rigidity 
of the Otago Schist. 
The Central Otago Range and Basin is bounded on the 
northeast by a set of NW-SE trending reverse faults. Between 
Palmerston and Hyde the Waihemo Fault is responsible for the 
uplift of the Kakanui Mountains. The peneplain surface appears to 
be flexed downward into the fault zone. This flexure is inferred 
to result from the overburden imposed by the material carried up 
along the reverse fault. A representation of the overburden as a 
load on the edge of a plate permits analysis of the elastic 
properties of the schist (Fig. B-1 a). The flexural rigidity of the 
plate can be calculated from the observed geometry. 
The load is proportional to the density of the schist and the 
fault geometry by the following relation V = Pucgta/2, where V is 
the vertical load, Puc is the density of the upper crust, g is 
acceleration due to gravity, a is horizontal displacement of the 
fault block, and :t is vertical displacement of the fault block. The 
parameters used are: fault dip = 55°; t = 1000 m; Puc = 2700 
kg I m3. The observed magnitude of downwarping of the peneplain 
is 100 - 200 m over a depression width of 6 - 8 km. The distance 
from Macraes, where the peneplain and schistosity are both flat-
lying, down to the fault trace (xo) is about 7 km, and the 
downward flexion (wo) is about 180 m. 
For a plate embedded at one end under an end load (Fig. B-
1 b), the end displacement is given by: 
w = VL3f3D 
where L is plate length and D is the flexural rigidity of the plate. 
For L = 8 km and w = 180 m, D is about 1019 Nm. This calculation 
is clearly very dependent on the length of the plate affected, 
which is difficult to define. Furthermore, a free plate is not an 
accurate representation of the crust, because the downward 
displacement will be resisted by the lower crust. 
Turcotte & Schubert (1982) analyse the flexure of an 
infinite plate above a fluid under an end load. Using this analysis 







V =Puc gta 
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Figure B-1: Analysis of flexure of the footwall of the Waihemo Fault. a) Schematic 
diagram of faulting. View is to the NW. b) Analysis of footwall as a plate embedded at 
one end. c) Analysis of footwall as an infinite plate floating in a viscous medium. 
assumes that the lower crust is a viscous material which resists 
the downward flexion of the plate through buoyancy forces (Fig. 
B-1 c). It also assumes that the plate is much longer than the 
width of the depression formed by the loading. Given the width 
and depth of the depression we can solve for the effective 
flexural rigidity. The equation for the displacement of the end of 
a floating infinite plate under a concentrated end load is: 
w=Va3f4D 
Where a = [4D/PicgJ114 is the flexural parameter dependent on the 
buoyant force of the lower crust and the flexural rigidity of the 
bending plate. The density of the lower crust is assumed to be the 
same as that of the upper crust : PIc = 2700 kgfm3. 
The width of the depression is given by: 
xo = rra/ 2 
This analysis implies an even lower flexural rigidity for the 
schist than the free plate analysis. For a downwarping 100 m 
deep and 6 km wide, D = 1018 Nm. 
The flexural rigidity of the schist as measured by 
laboratory tests (Read et al, .1987) is about 1021 Nm. Thus, the 
flexural rigidity as determined from field observations of flexure 
is 2-3 orders of magnitude lower for crustal scale deformation 
than for laboratory deformation. This is the same reduction in 
flexural rigidity needed to produce elastic buckling in the Range 
and Basin (see Chapter 4), suggesting that the schist is indeed a 
substance with a low effective flexural rigidity. 
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